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Summary
Increasing demand for miniaturized devices has triggered a broad interest
in functional oxide thin lms for a variety of dierent applications. The
material properties of such thin lms are often strongly inuenced by their
microstructure, which is in turn determined by the method and process
conditions of thin lm deposition.
In this thesis, lm growth of yttria stabilized zirconia (YSZ) by aerosol
assisted chemical vapor deposition (AA-CVD) is studied with respect to
potential applications as electrolyte in micro  solid oxide fuel cells. The
inuence of thin lm microstructure on the cross-plane oxygen ion conductivity of 8 mol% yttria stabilized zirconia (8YSZ) is investigated. Results
obtained on AA-CVD thin lms with dierent microstructures are compared
to specimens prepared by wet spray pyrolysis and pulsed laser deposition.
Process conditions to obtain thin lm deposition from the gas phase using
the simple, low cost AA-CVD technique are identied, and a suitable experimental setup working at ambient pressure is designed. Homogeneous
YSZ thin lms between 20 nm and 1 µm thickness are obtained on dierent
substrates. The inuence of AA-CVD process parameters, e.g. the nature
and concentration of metal precursors and solvents, the choice and ow of
carrier gases, and the deposition temperature are found to inuence lm
growth kinetics and microstructure. Chemical vapor deposition is achieved
at temperatures between 300°C and 650°C. Although the presence of cracks
and porosity is observed for certain deposition conditions, crack-free, dense,
and compact YSZ thin lms are obtained after process optimization. Their
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microstructure can be tailored from amorphous deposits to randomly oriented nano-crystals and preferentially oriented columnar grains.
Due to the gas phase deposition mechanism, the cation transfer from solution to thin lm is not congruent. Thin lms of the desired 8YSZ composition are, however, obtained by adjusting the cation ratio in the precursor
solution. Despite the low deposition temperatures of e.g. 450°C, organic
impurities are not detected in the thin lms. This is in sharp contrast to
thermal decomposition of the corresponding metal precursors under nonAA-CVD conditions, which requires signicantly higher temperatures. Furthermore, shrinkage of AA-CVD thin lms on annealing at 600°C or 1000°C
is very low as compared to YSZ prepared by chemical solution methods.
The cross-plane oxygen ion conductivities of thin lms deposited by AACVD, wet spray pyrolysis, and pulsed laser deposition are found to depend
strongly on the thin lm microstructure. Irrespective of the deposition
method, the electrical conductivity of columnar thin lms is determined by
ionic transport through the grain interior. In contrast, the conductivity in
randomly oriented nanocrystalline samples with grain sizes below 10 nm is
governed by charge transport through the grain boundaries, which exhibit
signicantly lower oxygen ion conductivity than the grains. As the same
conduction behavior is found for nanocrystalline microstructures with grain
sizes between 3 and 9 nm, true size eects are not apparent in this study.

Zusammenfassung
Zunehmender Bedarf an miniaturisierten Bauelementen hat ein breites Interesse an funktionellen oxidischen Dünnlmen für die unterschiedlichsten
Anwendungen geweckt. Die Materialeigenschaften solcher Dünnlme werden meist stark von ihrem Gefügen beeinusst, das wiederum von der Herstellungsmethode und den Prozessbedingungen bestimmt wird.
Diese Arbeit befasst sich mit dem Filmwachstum von Yttrium-stabilisiertem
Zirkonoxid (YSZ) mittels Aerosol-unterstützter chemischer Gasphasenabscheidung (AA-CVD) in Hinblick auf eine potentielle Anwendung als
Elektrolyt in miniaturisierten Festelektrolyt-Brennstozellen. Dazu wird
der Einuss des Dünnlm-Gefüges von 8 mol% Yttrium-stabilisiertem
Zirkonoxid (8YSZ) auf die Querschnitts-Sauerstoionen-Leitfähigkeit untersucht. Die anhand von AA-CVD-Dünnlmen unterschiedlicher Gefüge
gewonnenen Resultate werden mit Proben verglichen, die mittels nasser
Sprühpyrolyse beziehungsweise Pulslaserabscheidung hergestellt wurden.
Zuerst werden die für eine Gasphasenabscheidung mit der einfachen und
kostengünstigen AA-CVD Technik nötigen Prozessbedingen ermittelt, und
es wird ein geeigneter Versuchsaufbau erstellt, der bei Atmosphärendruck
arbeitet. Homogene YSZ Dünnlme mit Dicken zwischen 20 nm und 1 µm
lassen sich so auf unterschiedlichen Substraten erzeugen. Die AA-CVD
Prozessbedingungen, z.B. Art und Konzentration der Metall-Vorläufer,
Wahl und Fluss des Trägergases sowie die Abscheidetemperatur, erweisen
sich als massgeblich für Wachstumskinetik und Gefüge der Filme. Eine Gasphasenabscheidung wird im Temperaturbereich zwischen 300°C und 650°C

vi

ZUSAMMENFASSUNG

erreicht. Obwohl das Auftreten von Rissen und Porosität für gewisse Abscheidungsbedingungen zu beobachtet ist, erhält man nach Prozessoptimierung rissfreie, dichte und kompakte YSZ Dünnlme. Ihr Gefüge kann
auf amorphe Abscheidungen, zufallsorientierte Nanokristalle, oder vorzugsorientierte kolumnaren Körner abgestimmt werden.
Der Gasphasen-Abscheidemechanismus führt zu einem nicht-kongruenten
Kationentransfer von der Lösung zum Dünnlm. Dünnlme mit der angestrebten 8YSZ Zusammensetzung lassen sich jedoch durch Anpassung der
Kationenkonzentration in der Vorläuferlösung erhalten. Trotz der niedrigen
Abscheidetemperaturen von z.B. 450°C können in den Dünnlmen keine
organischen Verunreinigungen nachgewiesen werden. Dies steht im Gegensatz zur thermischen Zersetzung der betreenden Metall-Vorläufer unter
nicht-AA-CVD Bedingungen, die deutlich höhere Temperaturen erfordert.
Desweitern ist die Schrumpfung der AA-CVD Filme beim Glühen bei 600°C
oder 1000°C im Vergleich zu YSZ Dünnlmen, die mit chemischen Lösungsmethoden hergestellt wurden, sehr gering.
Die Querschnitts-Sauerstoionen-Leitfähigkeiten der mittels AA-CVD, nasser Sprühpyrolyse, und Pulslaserabscheidung gewonnenen Dünnlme hängen stark von den Dünnlm-Gefügen ab. Unabhängig von der Abscheidemethode wird die elektrische Leitfähigkeit in kolumnaren Dünnlmen von
Ionentransport durch das Korninnere bestimmt. Im Gegensatz dazu ist der
begrenzende Faktor der Leitfähigkeit in zufallsorientierten nanokristallinen
Proben mit Korngrössen unter 10 nm der Ladungstransport durch Korngrenzen, die eine deutlich niedrigere Sauerstoionen-Leitfähigkeit als das
Korninnere aufweisen. Da nanokristalline Gefüge mit Korngrössen zwischen 3 und 9 nm das gleiche Verhalten in der Leitfähigkeit zeigen, treten in
dieser Arbeit keine wahren Massstabs-Eekte auf.
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Aim of the Thesis
In this thesis, thin lm growth of yttria stabilized zirconia by aerosol assisted
chemical vapor deposition is studied. The main motivation is to identify
the inuence of process variables on the resulting thin lm microstructure.
With regard to potential application as electrolyte in micro  solid oxide fuel
cells, special emphasis is laid on correlating microstructures of 8 mol% yttria
stabilized zirconia (8YSZ) thin lms with their oxygen ion conductivity.

Outline
Chapter 1 provides a general introduction on thin lm deposition methods of
yttria stabilized zirconia and their inuence on the resulting microstructure
and oxygen ion conductivity.
The characteristics and relevant process parameters of thin lm deposition
by aerosol assisted chemical vapor deposition are discussed in Chapter 2.
In Chapter 3, aerosol assisted chemical vapor deposition is applied to deposit yttria stabilized zirconia thin lms. Choosing appropriate processing
parameters, a variety of dierent thin lm microstructures are obtained at
deposition temperatures between 300°C and 650°C. The yttrium transfer
ratio from solution to thin lm is determined as a function of deposition parameters, and suitable conditions to obtain 8YSZ thin lms are identied.
From the temperature dependence of growth rates, the process steps which
limit deposition are identied.
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Chapter 4 discusses the inuence of carrier gases and the presence of water
on microstructure, growth rates, and residual organic impurities of YSZ thin
lms deposited at dierent substrate temperatures. Thin lm shrinkage on
annealing at temperatures up to 1000°C is investigated.
In Chapter 5, decomposition of volatile yttrium and zirconium precursors
is compared to that of YSZ thin lm material deposited by AA-CVD from
the same precursors. The deposition conditions are optimized and YSZ thin
lms of high density and compactness are obtained.
YSZ thin lms obtained by dierent process parameters are used to study
the inuence of microstructure on cross-plane oxygen ion conductivity in
Chapter 6. The properties of YSZ thin lms prepared by AA-CVD are
compared to samples deposited by wet spray pyrolysis and pulsed laser
deposition.
Chapter 7 concludes this thesis and summarizes the results on YSZ thin lm
deposition by AA-CVD and the inuence of microstructure on its oxygen
ion transport properties. Based on these results, an outlook on potential
further studies is given in Chapter 8.
Chapters 3 through 6 represent self-contained articles already published or
submitted for publication. Certain redundancies concerning the theoretical
background and experimental details could therefore not be avoided.

1
Introduction
1.1 Thin lm deposition of yttria stabilized zirconia
In recent years, yttria stabilized zirconia (YSZ) thin lms have gained increased attention as potential electrolytes in electrochemical cells for micro 
solid oxide fuel cell systems 19 . This application requires gas-tight lms
with purely ion conducting properties and a high chemical stability in both
oxidizing and reducing environments 4 . To ensure reasonable power densities, the electrolyte component should not contribute more than 0.15 Ωcm2
to the total area specic resistance (ASR) of a solid oxide fuel cell 10 . As
standard ceramic fabrication routes are not able to produce gas-tight electrolytes with thicknesses below 1015 µm, such thick lm electrolytes are required to feature high ionic conductivities around 1 S/m, which can only be
attained at high operating temperatures. The use of thin lm electrolytes
with a typical thickness of few hundred nanometers aords signicantly
lower conductivities of e.g. 0.01 S/m and thus allows operation at reduced
temperatures.
The properties of polycrystalline thin lms are governed by their microstructures, which, in turn, are a result of the method and process conditions of
thin lm deposition 11,12 . Common deposition techniques for yttria stabilized zirconia electrolyte thin lms include physical vapor deposition methods like pulsed laser deposition and magnetron sputtering, chemical solution
methods like wet spray pyrolysis and sol gel synthesis, and chemical vapor
deposition.
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In physical vapor deposition, lm growth occurs by condensation of a vaporized form of the desired material on a substrate. In pulsed laser deposition
(PLD), an ultraviolet laser with high uence is focused on a target, which
is vaporized to a variety of atomic, molecular, and excited species 13,14 . In
sputtering, vaporization is achieved by ion bombardment 13,15 . Physical vapor deposition methods are able to produce crystalline lms of dened stoichiometry, high reproducibility, and accurate thickness control 13,14 . Film
growth is obtained from highly energetic species, which are able to diuse
to favorable orientations, thus minimizing surface and interface energies 11 .
Thin lms deposited by physical vapor deposition are therefore often highly
textured featuring columnar microstructures, and even epitaxial thin lms
can be obtained on suitable substrates 14 . On the other hand, the high
kinetic energy of incoming atoms is often found to entail high compressive stresses in the deposits due to an atomic peening mechanism 16 . Furthermore, defects in the columnar microstructures or the incorporation of
particles from the target, e.g. by laser-induced exfoliations in the case of
PLD 14,17 , may lead to the formation of pinholes, thus reducing the performance of electrolyte thin lms in micro  solid oxide fuel cells by gas diusion
( 18 and references therein).
Concerning gas tightness, the randomly oriented nanocrystalline microstructures typically obtained by chemical solution deposition may be of advantage. Chemical solution deposition is based on the deposition of a precursor
solution on a substrate (e.g. by spin coating, wet spray pyrolysis or printing), which is later thermally decomposed to obtain the desired oxide materials 19 . In wet spray pyrolysis, the precursor solution is sprayed onto a
heated substrate, where it gradually decomposes. As-deposited thin lms
are mainly amorphous and require an additional post-deposition annealing
step to crystallize and remove organic residues. In the case of yttria stabilized zirconia, this requires temperatures as high as 1000°C 20 . Chemical
solution deposition methods are simple and economical and allow straight
forward deposition of complex stoichiometries 21,22 . On the other hand, resulting YSZ lms often feature a rough surface topography 23 or develop
pores after post-deposition annealing 24,25 . Furthermore, crack-free lms
can only be deposited up to a certain thickness due to shrinkage during
drying or annealing 26 .

CONDUCTIVITY OF YSZ
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Chemical vapor deposition is known to produce thin lms of amorphous,
randomly oriented or highly textured columnar microstructures 27 . Film
growth proceeds at negligible kinetic energy from gaseous metal precursors,
which are thermally decomposed on the substrate. However, the evaporation of dierent precursors requires dierent temperature controlled evaporation sources and complex vacuum equipment 28 , and the deposition of
multi-element materials with well dened stoichiometry from dierent precursors is complicated 29,30 .
Aerosol assisted chemical vapor deposition may overcome some of these
drawbacks by combining a simple and economical spray pyrolysis setup with
a gas phase deposition mechanism. This technique, which is predominantly
applied for thin lms synthesis throughout this thesis, is discussed in more
detail in Chapter 2.

1.2 Oxygen ion conductivity of yttria stabilized zirconia
thin lms
Yttria stabilized zirconia is a well-known oxygen ion conductor. Transport
is mediated by anion vacancies resulting from aliovalent acceptor doping
and takes place by thermally activated oxygen ion migration 8,31,32 . This
leads to a vacancy ux in one and an oxygen ion ux in the opposite direction. The transport properties of zirconia are enhanced by increasing the
concentration of oxygen vacancies by aliovalent doping up to a maximum
level (e.g. 8 mol% Y2 O3 in ZrO2 ) 33 . Further doping leads to a decrease in
conductivity due to the formation of vacancy pair aggregates 34 , thus lowering the accessible free space 35 and the mobility of vacancies. Transport
also strongly increases with increasing temperature due to the relatively
high activation energy barriers for the migration mechanism in the order of
1 eV 8 .
Grain boundaries in pure, polycrystalline zirconia, where the periodicity of
the lattice is interrupted, are usually found to be highly resistive to oxygen
ion transport as compared to the grain interior 36 . Nanocrystalline samples with a high density of grain boundaries therefore exhibit signicantly
lower conductivity than microcrystalline samples 3745 . The origin of this
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blocking eect is often related to the space charge layer concept 46,47 . Here,
grain boundaries are comprised of a positively charged grain boundary core,
where oxygen vacancies are enriched, and two adjacent space charge layers,
where oxygen vacancies are depleted. The negatively charged space charge
layers thus hinder the transport of oxygen vacancies VO·· , which have positive net charge. The space charge layer is characterized by the Debye
length, which is as small as 0.1 nm in 8 mol% yttria stabilized zirconia due
to high dopant concentrations and a small relative permittivity 38 . In contrast, grain boundary thicknesses obtained by impedance spectroscopy are
typically around 5 nm for YSZ 37,38,40,41 .
On the other hand, enhanced grain boundary conductivities have also been
reported for YSZ 4854 . Furthermore, dierent 18 O tracer diusion studies
have found oxygen transport to be signicantly enhanced 55 or reduced 56
across YSZ grain boundaries.
Some of these discrepancies have been related to surface eects 44,56,57 or unsuitable measurement geometries, especially in the case of thin lms 44,5760 .
Furthermore, the interpretation of impedance data has been questioned as
discussed in the following section.

1.2.1

Interpretation of impedance data

Electrochemical impedance spectroscopy (EIS) is a common method to characterize the transport properties of electroceramics like yttria stabilized zirconia. In EIS, the resistance of a specimen is measured with alternating
currents (AC) as a function of frequency in the range from direct current
(DC) to several MHz. With this method, the inuence of dierent microstructural features in the material can be separated by the frequency
dependence of their impedance response 61 . The crucial step in this analysis
is to correlate the impedance data with microstructural features.
Since Bauerle 62 rst used an equivalent circuit to represent resistive grain
boundaries in impedance spectra, the two impedance arcs typically observed
in Cole-Cole plots 63 of microcrystalline oxygen ion conducting ceramics are
assigned to two parallel RC elements in series. The impedance arc at higher
frequencies is attributed to the grain response, while that at lower frequency

σgb

σgb
5
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δgb

d

dg= d ‐ δgb
σg

σgb

σgb
Figure 1.1

is attributed to processes taking place
at the grain boundaries. This situMeike.Schlupp@mat.ethz.ch
ation is captured by the brick layer model 64 , which comprises cubic grains
with edge lengths of the mean grain size d separated by grain boundaries
with constant thickness δgb (Figure 1.1), where d is signicantly larger than
δgb like in microcrystalline samples. As the grain boundary conductivity is
signicantly smaller than the grain conductivity, ionic transport is assumed
to run through grain boundaries perpendicular to the current direction only
⊥
(σgb = σgb
). Ionic transport through grain boundaries parallel to the cur-
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rent direction (σgb ) is neglected. The grain capacitance Cg then corresponds
to a parallel-plate capacitor with electrode area A and lm thickness l

Cg = 0 YSZ

A
.
l

(1.1)

The grain boundary capacitance Cgb is derived using an eective transport
length through grain boundaries lgb = nl · δgb , where the number of grains
in the transport direction nl = l/d. With equal relative permittivities for
grain and grain boundary (g = gb = YSZ ), Cgb is expressed as 37,64

Cgb = 0 YSZ

A
A
d
= 0 YSZ
= Cg
.
lgb
l · δgb /d
δgb

(1.2)

This allows to determine the electrical grain boundary width δgb (which is
equivalent to two times the space charge layer thickness λ) from the grain
Cg
and grain boundary capacitances and the grain size (δgb = Cgb
d = 2λ).
spec
Likewise, the specic grain boundary conductivity σgb is derived from the
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resistance of the grain boundary contribution Rgb and lgb by:
spec
σgb
=

1 lgb
tot δgb
= σgb
.
Rgb A
d

(1.3)

Using 5 nm as a typical value for the electrical grain boundary width δgb
spec
spec
tot
of 8YSZ 37,38,40,41 , σgb
= 0.5 · σgb
for a grain size of 10 nm, and σgb
=
tot
0.05 · σgb for a grain size of 100 nm.
The total grain conductivities are usually not converted into specic grain
conductivities. Peters et al. 41 , however, expressed σgspec using an eective
transport length lg and area Ag for the grain contribution:

σgspec =

1 lg
1 l(1 − δgb /d)
d
= σgtot
=
.
2
Rg Ag
Rg A(1 − δgb /d)
d − δgb

(1.4)

With σgspec = 2.00 · σgtot for a grain size of 10 nm, and σgspec = 1.05 · σgtot for
100 nm this correction does not have such a strong inuence.
While the brick-layer model works very well for microcrystalline samples,
problems arise with nanocrystalline microstructures, where d approaches
δgb , and ionic transport through grain boundaries parallel to the current
direction becomes signicant 47,65 . Kidner et al. 65 proposed a so-called
nano  grain composite model (n-GCM) for grains in the size range from
10  100 nm embedded in a less conductive grain boundary phase. Application of this model requires that two well-dened AC-impedance arcs can be
de-convolved from the spectra. In contrast to the brick-layer model, both
impedance arcs reect the physical properties of both phases (grain and
grain boundary). De-convolution of local properties is therefore challenging, and a numerical solution is not yet available.
In literature, the specic grain boundary conductivities of 8YSZ derived
from the brick-layer model for grain sizes between 17 nm and 16 µm vary by
more than two orders of magnitude 38,41,43,45,66 . The corresponding grain
conductivities vary only by a factor of 5. However, by surveying the available
spec
literature, no clear trend correlating σgb
with grain size is found, which
suggests that it is not only the inapplicability of the brick-layer model that
is responsible for these dierences.
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2
Aerosol Assisted Chemical Vapor
Deposition

This chapter illustrates the characteristics of aerosol assisted chemical vapor
deposition and their impact on lm properties. The process parameters
necessary to obtain lm growth from the gas phase, e.g. the choice of suitable
metal precursor  solvent systems, and advantages of the use of ultrasonic
nebulizers are discussed.

2.1 Introduction
Thin lm deposition by aerosol assisted chemical vapor deposition was developed in the 1970s, originally under the name of Pyrosol Process 1,2 . In this
technique, a gaseous reactive species containing the thin lm constituents
is produced from a nebulized precursor solution right above a heated substrate. Using a simple, non-vacuum spray pyrolysis setup, lm growth occurs from the gas phase by the addition of molecules. More recently, the
term Ultrasonic Spray Pyrolysis 315 has been used for the same technique,
which refers to the spray setup based on ultrasonic nebulizers. However,
the choice of spray pyrolysis apparatus alone can not assure a gas phase deposition mechanism. Therefore, the term Aerosol Assisted Chemical Vapor
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which is also frequently found in literature, is used in this

thesis.
The AA-CVD technique is able to produce both oxide, sulphide, and even
metal thin lms 1,2,27 . Common applications are large area coatings in the
glass industry 28 , the production of thermal barrier coatings 29 , and thin lm
solar cells 30 . In contrast to conventional chemical vapor deposition, AACVD is a simple, non vacuum technique, which does not require heat-traced
lines 31 . While coatings of tens of square centimeters are easily accessible
on a laboratory scale, in line coatings of square meters are also feasible 2,31 .
Deposition rates range from a few hundred ångströms to a few microns per
hour, leading to total lm thicknesses between tens of nanometers and a
few micrometers 2,31 . Due to the gas phase deposition mechanism, smooth
and homogeneous thin lms of small grain size are obtained 2,32 . Although
the deposits are mainly polycrystalline (often featuring a strong degree of
preferred orientation) 2 , the growth of amorphous lms has also been reported 33,34 . The aerosol transport system facilitates the reproducible deposition of multi-element thin lms of dened stoichiometry 31 . Furthermore,
thermally sensitive precursors with low vapor pressures can be used for
AA-CVD 22,31,35 , as they are transported in form of a solution at room temperature. Deposition is usually achieved at rather low temperatures 36 , thus
allowing deposition on temperature sensitive substrates such as stacks of
dierent thin lms and silicon based substrates, where inter-diusion has to
be avoided 37 . Furthermore, lm growth occurs with low kinetic energy on
the substrate 31,35 . Coatings can therefore also be applied to sensitive substrates like free standing silicon nitride membranes of few hundred nanometers thickness, which are used as templates for micro  solid oxide fuel cell
membranes 38 . More details on this deposition method can also be found in
several book and review articles 1,2,23,31,3942 .
In the following, we discuss the deposition mechanism of AA-CVD and identify the relevant process parameters and their impact on lms properties.
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2.2 Thin Film Deposition by AA-CVD
Aerosol assisted CVD is based on a simple spray pyrolysis setup, but lm
growth occurs from the gas phase by chemical vapor deposition. To achieve
this, volatile precursor salts are used in combination with solvents of low
boiling point. When these droplets approach the hot substrate, thermal energy is transferred until the solvent evaporates, and at some point the precursor precipitates and sublimes, melts and vaporizes, or decomposes. The
resulting gaseous precursor molecules diuse to the hot substrate surface
where they adsorb and decompose to the nal product in a heterogeneous
reaction at the gassolid interface (see Figure 2.1). As in conventional chemical vapor deposition, AA-CVD deposits form by nucleation and growth
mechanisms from the gas phase 43 . Crystal nuclei develop at preferred sites
on the substrate surface and their growth proceeds by the addition of individual coordination units both directly from the reactant gas stream and
from surface diusion across the substrate. Addition processes generally occur at positions of lowest free energy, such as steps or kinks, and proceed to
form crystallites. At this point, the substrate nature and orientation may
also have an inuence on the nucleation and growth process. Depending
on the interplay between precursor supersaturation, substrate temperature,
and substrate nature, CVD thin lms feature microstructures of amorphous
material, equiaxed nanocrystals, or preferentially oriented columnar polycrystals 41,43 . While at xed deposition conditions the growth rates of AACVD are usually constant with time 15,34 , there is often a typical temperature dependence. Below a certain temperature required for the production
of gaseous reactive species, no lm deposition occurs. Above that threshold, the deposition rate increases with temperature in an Arrhenius-type
behavior (stage I). In this regime, deposition is limited by surface chemical
kinetics like chemisorption, chemical reaction, surface migration, lattice incorporation and desorption 41 . At higher temperatures, deposition becomes
limited by the diusion of the reactive species to the substrate surface and is
therefore mass transport limited 41 (stage II). At even higher temperatures,
the lm growth rate decreases again due to the depletion of reactants, increase of desorption, or the occurrence of alternative reactions 41 (like the
formation of powders in a homogeneous gas phase reaction, stage III). All
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these three stages have been identied in aerosol assisted chemical vapor
deposition of titania 44,45 .
The AA-CVD lm growth mechanism is quite dierent from that of classical spray pyrolysis, which is based on thermal decomposition of non-volatile
precursors. This is the case for wet spray pyrolysis, dry spray pyrolysis and
powder spray pyrolysis, which dier mainly in the deposition temperature
relative to the boiling point of their precursor solutions (Figure 2.1). In
wet spray pyrolysis, a precursor solution is dispersed onto a heated substrate by the statistical distribution of droplets and their spreading. Then
the droplets dry and the metal precursor gradually decomposes to form a
thin lm of the desired end-product 46 . In dry spray pyrolysis and powder
spray pyrolysis, the solvent evaporates on the way to the heated substrate,
leaving the metal precursor to decompose to the end product either directly
on the substrate or in the gas phase above the substrate. While powder
spray pyrolysis is frequently applied for the synthesis of ceramic powders 47 ,
the mechanism of dry spray pyrolysis can occur as an unwanted by-reaction
and is usually avoided. Advantages of spray pyrolysis based on thermal
decomposition are that the metal stoichiometry of the precursor solution is
directly transferred to the end composition, and that principally all soluble
precursor materials can be used. This makes it a very economical technique
for the production of complex multi-elemental compounds. However, wet
spray pyrolysis lms often exhibit an inhomogeneous topography 48 and require an annealing step at high temperatures to burn out residual organic
material. Recent work has also shown that the deposition of dense, pore-free
lms can be problematic for certain materials like YSZ 37,49 .
AA-CVD, on the other hand, is able to produce smooth and homogeneous
crystalline thin lms, which can be used in the as-deposited state. In contrast to conventional CVD, typical deposition temperatures are in the range
of 500°C and below.

2.2.1

Ultrasonic Nebulizers

To obtain smooth and homogeneous thin lms by AA-CVD, it is important to select the process parameters to only allow one deposition processes
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at a time. However, with the heterogeneous droplet size distributions obtained by common pressurized air nozzles, there are always some smaller
or larger droplets present, for which the process conditions are not optimal
and which can contaminate the lm by droplets or particles. In addition,
the heating rate and residence time of the droplets as determined by the gas
ow through the two-uid spray nozzle can not be varied independently (e.g.
slowed down), as it determines the droplet size distribution. This further
complicates the optimization of process parameters when using pressurized
spray nozzles.
Ultrasonic nebulizers oer several advantages over conventional air-blast
spray guns. They are able to produce a spray of narrow size distribution
with droplets in the micrometer range 50 . This facilitates the complete evaporation of solvents in the gas phase above the substrate. In addition, the
nebula production is independent of the carrier gas ow. The nebula ow
to the heated substrate can therefore be adjusted to avoid contamination
by wet solution droplets or particle deposition, and to reduce the kinetic
impact on the substrate.
The underlying principle of this method is the formation of a dense fog
using ultrasonic atomization. According to Lang 50 , the atomization of a
liquid by an ultrasonic piezoelectric transducer is caused by the rupture of
capillary surface waves and the subsequent ejection of wave peaks from the
surface. The resulting median droplet diameter d is proportional to the capillary wavelength λ calculated from Kelvin's equation, with the coecient
k experimentally determined as 0.34.


d = kλ = 0.34

8πσ
ρf 2

1/3

(2.1)

where σ denotes the surface tension, ρ the density of the liquid, and f the
ultrasonic excitation frequency. Consequently, the droplet size for a given
solution can be varied by varying the ultrasonic excitation frequency. Typical droplet diameters for an excitation energy of 1 MHz are in the range of
few micrometers for water, and the droplet volume distribution is extremely
narrow as compared to pneumatic spraying 1 . In addition, the gas ow used
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The setup of an ultrasonic spray pyrolysis device as developed in this theaverage solution throughput

sis is depicted in Figure 2.2. A commercial ultrasonic nebulizer (Fogstar 600,
Seliger, Germany) comprising
an ultrasonic generator connected to six piezotag, 11. Januar 2011
Departement/Institut/Gruppe
electric transducers is placed in a container cooled by owing water and
sealed by a non-expansive membrane. The vibration of the piezoelectric
transducers is transferred over the cooling water to the membrane and then
to the precursor solution which is placed in a separate compartment on top.
From there, the droplets are transported to the heated substrate by a carrier
gas. A custom-made constant level burette maintains the solution ll level
during deposition and allows to monitor the average solution throughput
during experiments.
For such an ultrasonic bath spray setup, Oh and Kim 51 measured and
modeled the aerosol deposition of TiO2 from a solution of tetraethoxide
Ti(OC2 H5 )4 in ethanol, which is a typical solvent in AA-CVD. Taking
into account the evaporation of droplets on their approach to the hot substrate, both numerical simulations and experiments showed that no liquid
droplets arrive at the substrate under the given process conditions (droplet
size 5 ± 2 µm, carrier gas ow rates 1.5 to 2.5 l/min, substrate temperatures
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300 to 400°C). Close to the substrate, the precursor exists as a vapor and
reaches the substrate surface by diusion. Film deposition occurred from
the gas phase in all cases examined.
This means that for certain process conditions applied in an ultrasonic spray
device, wet deposition according to process A is impossible even at temperatures as low as 300°C when using a solvent with low boiling point like
ethanol. It is interesting to note that, when a non volatile precursor is
sprayed, no lm formation is observed at all 52,53 because the metal content
of the solution precipitates (and in some cases oxidizes) in the gas phase
according to processes B (or D). For typical process conditions, these precipitates do not stick to the heated substrate, but are transported away with
the gas phase. It is therefore possible to limit the deposition to a chemical mechanism only using ultrasonic nebulizers. This leads not only to the
production of homogeneous, high quality lms but also provides a valuable
tool for the investigation of the lm growth mechanism.
However, not all lms produced by ultrasonic spray pyrolysis are grown
by a chemical vapor mechanism. Wet deposition from non-volatile precursors according to process A (or B) using ultrasonic spray pyrolysis has also
been reported 54,55 , presumably due to dierent droplet sizes and transport
velocities.

2.2.2

Requirements in metal precursors and solvents for AA-CVD

For chemical vapor deposition to occur in a spray pyrolysis process, a
gaseous species of the desired materials needs to be generated above the
heated substrate. Therefore, solvents with evaporation temperatures lower
than the vaporization temperature of the precursor material are used. When
a droplet approaches the hot substrate, thermal energy is transferred until
the solvent evaporates, and at some point the precursor precipitates and
sublimes, melts and vaporizes, or decomposes. The gaseous molecules containing the material to be deposited can then diuse to the hot substrate
surface (against the thermophoretic force) where they adsorb and decompose to the nal product in a heterogeneous reaction at the gas  solid in-
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terface. These conditions set several requirements to the precursor  solvent
system and the process conditions which can be used.
In literature, the largest variety of elements deposited by AA-CVD is based
on metal β -diketone complexes, especially 2,4-pentanedionates, dissolved
in short chained alcohols. Many of the metal β -diketone complexes form
volatile phases at moderate temperatures (100270°C) 56 , and in contrast to
metal alkoxides, the diketonates are generally stable in air and on contact
with water 57 . Fewer materials are deposited from their acetates, nitrates,
chlorides or from metal alkoxides.
Several studies have been conducted on the decomposition behavior of acetylacetonates 6,5860 using thermogravimetry (TG), dierential thermal analysis (DTA) or dierential scanning calorimetry (DSC), infrared spectroscopy,
and mass spectrometry. While the decomposition pathway of the investigated materials is accessible using these techniques (oxide formation takes
place via intermediate acetates and carbonates), no information was found
on the existence, nature and stability of gaseous cation containing precursors, which are responsible for CVD deposition. In addition, not only the
volatility of the dry precursor needs to be considered in AA-CVD, but the
behavior of the precursor  solvent system on heating. When the precursor
material precipitates as such after evaporation of the solvent, the vaporization properties of the precursor indeed govern the deposition process like in
a conventional CVD process. But when the metal precursor reacts with the
solvent 61,62 or exchanges ligands with other precursors present in the solution 63 , the properties of the resulting material need to be studied. In the
case of acetylacetonates, the use of water is usually avoided and methanol,
ethanol or butanol are frequently used as solvents. Qian et al. 64 observed
a decrease in the Cr2 O3 deposition rate per molarity of Cr(acac)3 when
using ethanol+water or aqueous acetic acid instead of pure ethanol and
suggested that the solvent aected the composition of the Cr-complex in
solution and hence its volatility. Bizarro et al. 65 reported a drastic decrease
in deposition rate of zirconium-aluminum oxide down to a constant value
when water was added to the pure methanol solutions of the acetylacetonates. The water content also increased the aluminum concentration in the
lms grown from the same solution. These phenomena were explained by
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competing decomposition reactions, namely direct pyrolysis of the acetylacetonates and oxidation via a hydrolysis reaction in the presence of water.
However, DeSisto et al. 66 reported the same deposition rate per molarity
for MgO deposited from Mg(acac)2 dissolved in water or methanol.
These examples illustrate the importance of identifying a suitable metal precursor  solvent system. This becomes even more important, when multiple
oxides or compounds comprising dierent elements are to be deposited. For
example, dierent metal precursors may form separate gaseous species with
dierent diusion and reaction kinetics, thus leading to dierent growth
rates. The gas phase deposition process then does not directly transfer the
solution stoichiometry to the thin lm. The element transfer from solution
to lm is therefore often dependent on the substrate temperature and all
other reaction parameters inuencing the deposition kinetics (gas ow, precursor concentration...). Deschanvres et al 67 reported that the Y/Fe ratio
obtained in yttrium-iron-garnet lms varied both with substrate temperature and choice of substrate. However, a linear relationship between solution
and lm composition was found. Linear transfer relations were also found
for the deposition of zirconium-aluminum oxide 68 and yttria stabilized zirconia 69 thin lms. It is therefore necessary to tune process parameters and
composition of the precursor solution to obtain the desired stoichiometry of
multiple oxides.

2.3 Conclusions
Aerosol assisted chemical vapor deposition allows thin lm growth from the
gas phase with a simple, non-vacuum spray pyrolysis setup. Using ultrasonic
nebulizers and volatile metal precursors together with suitable solvents of
low boiling point, the deposition mechanism can be restricted to chemical
vapor deposition only, thus leading to smooth and homogeneous thin lms.
However, this technique requires careful choice of the precursor solution
system, and process parameters need to be tuned to obtain multiple oxides
or compounds of desired composition.
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3
Thin lm growth of yttria stabilized
zirconia by aerosol assisted chemical
vapor deposition

Thin lm growth of yttria stabilized zirconia (YSZ) using atmospheric
aerosol assisted chemical vapor deposition (AA-CVD) from β -diketonates is
studied. The inuence of nature and concentration of metal precursors and
solvents on thin lm growth, microstructure and composition is investigated
as a function of deposition temperature. AA-CVD is able to produce smooth
and homogeneous YSZ thin lms of controlled thickness and stoichiometry.
Amorphous, nanocrystalline or columnar microstructures can be obtained
at deposition temperatures between 300 and 650°C. In the same temperature regime, a transition from surface reaction to diusion controlled lm
growth is observed. For applications as gas separating membranes, e.g. for
micro  solid oxide fuel cell electrolytes, randomly oriented nanocrystalline
microstructures with grain sizes in the range of 10 nm are promising.

M. V. F. Schlupp, M. Prestat, J. Martynczuk, J. L. M. Rupp, A. Bieberle-Hütter, and
L. J. Gauckler, J. Power Sources, 202 (2012) 47-55.
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3.1 Introduction
Yttria stabilized zirconia (YSZ) is widely used as electrolyte for anode
supported thin lm solid oxide fuel cells 1,2 and planar micro  solid oxide fuel cells (µ-SOFC) 3 . For these applications, the deposition of smooth
and homogeneous layers of 50750 nm thickness is required ( 3 and references therein). Processing temperatures of such YSZ thin lms should be
kept low (e.g. <600°C) in order to avoid interface reactions and minimize
inter-diusion between substrate and dierent thin lms 4 , while still providing stable microstructures at operating temperatures between 350°C and
550°C 3 . The application as oxygen conducting electrolyte further requires
YSZ thin lms to function as gas-separating membranes and avoid gas cross
over through pores or pinholes.
Thin lm deposition by aerosol assisted chemical vapor deposition (AACVD) at atmospheric pressure combines advantages of chemical vapor deposition and spray pyrolysis. This technique was developed in the 1970s and
is able to produce both oxide, sulphide, and even metal thin lms 57 . A
review on CVD, AA-CVD and related methods like AA-CVD in an electric
eld 8 or pulsed-pressure metalorganic CVD 9 is given by Choy 10 . Using a
simple, non-vacuum spray pyrolysis setup, a gaseous reactive species containing the thin lm constituents is produced from a nebulized precursor
solution right above a heated substrate. Film growth occurs from the gas
phase resulting in smooth thin lms of constant thickness over large areas.
The aerosol transport system also facilitates the reproducible deposition of
multi-element thin lms of dened stoichiometry. In literature, the terms
pyrosol process 6,7 , ultrasonic spray pyrolysis 11,12 , spray deposition 13 and
others 14 may describe the same technique.
Zirconia and YSZ depositions by atmospheric AA-CVD were rst reported
based on butoxide 6,7 and pentanedionate precursors 14 . Several recent papers give more details on YSZ lm growth using zirconium and yttrium
pentanedionate 11,12,15 or tetramethyl-heptanedionate 16,17 . These studies
indicate that AA-CVD thin lms with variable properties are obtained depending on the deposition conditions. While amorphous YSZ lms have
been obtained at substrate temperatures as high as 600°C 16 , nanocrystal-
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line microstructures of YSZ with grain sizes between 10 and 30 nm have
been reported for temperatures between 300 and 525°C in other studies 11,12 .
Deposition of cubic YSZ with good preferential orientation in the (111) direction has also been observed 15 . Atmospheric AA-CVD has been applied
to prepare thin lm solid oxide fuel cells by Meng et al. 1820 . However, cells
based on YSZ electrolytes did not yield theoretical open circuit voltages,
which was ascribed to pinholes in the columnar YSZ electrolyte deposited
at temperatures between 400°C and 600°C.
This indicates that in order to produce reliable YSZ electrolytes for low
temperature thin lm SOFCs or free-standing micro  SOFC membranes
using AA-CVD at atmospheric pressure, it is necessary to optimize the electrolyte microstructure. Therefore, in this study we thoroughly investigate
the relevant deposition parameters and their eect on YSZ lm growth and
microstructure. Notably, the inuence of substrate temperature, precursor type and concentration, solvent type, and post-deposition treatment on
thin lm grow rate, microstructure, crystallinity and elemental composition
is examined.

3.2 Experimental
Most AA-CVD experiments in this study were performed using the β diketonates zirconium 2,4-pentanedionate [Zr(acac)4 , 95% purity, ABCR]
and yttrium 2,4-pentanedionate [Y(acac)3 , 99.9% purity, Alfa Aesar] dissolved in anhydrous ethanol [A15 Alcosuisse, >99.8% purity, boiling point
78°C] or 50 vol% anhydrous ethanol + 50 vol% heptane [Brenntag Schweizerhall AG, boiling point ≈ 98°C]. Deposition was also performed using zirconium 2,2,6,6-tetramethyl 3,5-heptanedionate [Zr(tmhd)4 , 99% purity, Strem
Chemicals] and yttrium 2,4-pentanedionate dissolved in ethanol + heptane.
Dierent yttrium : zirconium ratios between 0 : 1 and 0.4 : 0.6 with total salt
concentrations between 0.005 and 0.025 M were investigated.
The precursor solutions were nebulized in a custom-made spray setup (Figure 3.1) based on a commercially available ultrasonic nebulizer (Fogstar 600,
Seliger, Germany) with 6 piezoelectric transducers (∅ 20 mm) operating at
a frequency of 1.7 MHz. The ultrasonic nebulizer was water cooled by an
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to measure The
the
average
solution
throughput
ll level
of the
precursor solution was maintained during deposition using
a purpose-built constant level burette, which also allowed to monitor the
Departement/Institut/Gruppe
average solution throughput during
experiments. The solution throughput
in this setup can not be adjusted directly, but depends on the nebulizer
setup and the properties of the precursor solution like solution density and
surface tension 21 . The precursor nebula was transported to a heated substrate through a glass tube using ltered air at a ow rate of 4 Nl/min as
a carrier gas. The distance between tube outlet and substrate was kept at
6 mm for all depositions.

Montag, 26. September 2011

YSZ thin lms were deposited on <100> oriented silicon wafers (ABC,
Germany, 500µm thickness) and randomly oriented sapphire single crystals
(Stettler, Switzerland, 500µm thickness) at substrate temperatures between
300 and 650°C. To accurately adjust the substrate temperature (Ts ), a steel
plate equipped with a thermocouple (type K) was placed on the hot plate,
and the hot plate temperature was controlled by this thermocouple using
a Eurotherm controller. The substrate temperature was measured with an
external contact thermocouple, and the hot plate temperature was adjusted
accordingly.

7
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Top-view morphologies and lm thicknesses of freshly fractured cross sections were characterized using scanning electron microscopy (FEG-SEM,
Zeiss LEO Gemini 1530, Germany) with an in-lens detector at 5 kV. Prior
to imaging, the samples were coated with a thin platinum coating to avoid
charging and to allow imaging at higher resolution. Film thicknesses were
determined from the cross sections as an average of at least three sample
positions. The average roughness was determined using a Topometrix 2000
atomic force microscope (AFM) in contact mode. Transmission electron microscopy (TEM) investigations were performed on cross-sectional thin lm
samples deposited on silicon using a FEI Tecnai F-30 (eld emission gun)
with an accelerating voltage of 300 kV and post-column CCD camera. A
traditional sample preparation technique based on polishing, dimpling and
ion milling (Gatan precision ion polishing system at 4 keV and 4° angle of
incidence from top and bottom) was applied. The phase content was analyzed by X-ray diraction (XRD, X`pert Pro, Panalytical, Netherlands).
The setup was equipped with a copper radiation source operated at 45 kV
and 40 mA (Kα1 = 1.5406Å) using a nickel lter. The average crystallite size
of randomly oriented YSZ was derived by multiplying the volume weighted
column length determined using the software Topas Academic V4.1 by 43 for
a spherical shape 22 . The cation composition of YSZ thin lms was investigated by X-ray photoelectron spectroscopy (XPS, Sigma2, Thermo Fisher
Scientic, UK). All spectra were acquired at 300W with an AlKα X-ray
source (1486.6 eV) and large area spot size at pressures < 10−6 Pa. On the
base of survey spectra, the following chemical species were probed with high
resolution (0.1 eV step size and 25 eV pass energy): Zr 3d, Y 3d, O 1s, and
C 1s. All data was analyzed using the program CasaXPS (V2.3.15, Casa
Software Ltd., UK). Prior to tting of the XPS detailed spectra, an iterated
Shirley-Sherwood background subtraction was applied using a linear-least
square algorithm, and the spectra were referenced to the aliphatic hydrocarbon C1s signal at 285.0 eV. The whole peak area of Zr 3d and Y 3d was
used to calculate the yttrium : zirconium ratio in the thin lms.
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SEM top view, Ts= 25°C

a) photograph , Ts= 450°C

b)

4 cm

5μm
a) Deposition by wet droplets at room temperature, and
b) typical YSZ thin lm by AA-CVD on silicon (Ts =450°C) showing
blue interference color.
Figure 3.2:

3.3 Results
3.3.1

YSZ thin lm deposition by AA-CVD

Thin lm growth by AA-CVD only occurs at elevated temperatures. For
room temperature experiments, circular objects in the lower micrometer
range can be imaged by SEM after deposition (Figure 3.2a). Most of these
features have diameters between 0.5 and 1.5 µm, with only few larger ones
up to 5 µm. At this low temperature, wet droplets reach the substrate and,
after
drying, deposit the un-reacted metal precursor. These
features thereDienstag, 1. März 2011
Departement/Institut/Gruppe
fore are an indication of the droplets size of the aerosol. At low substrate
temperatures between 50°C to 250°C, no deposits (neither lm, particles,
nor droplets) are found on the substrates for deposition times up to 60 min.
Thin lm deposition is observed for substrate temperatures of 300°C and
above. On silicon substrates, mirror-like YSZ layers are obtained with thickness dependent interference colors, indicating smooth and homogeneous
coatings over more than 10 cm2 (Figure 3.2b).
Above 300°C, increasing lm growth rates are obtained for increasing substrate temperatures (Figure 3.3). While the growth rates are constant with

− Preferred (111) orientation >550°C
− Growth rates linear with time but increase with increasing su
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Figure 3.3: YSZ growth rates for substrate temperatures Ts of 400, 450
Montag, 26. September 2011
and
600°C from a solution of 0.025 M Zr(acac)4 + Y(acac)Departement/Institut/Gruppe
3 in ethanol.

time, rates of 12 nm/min, 40 nm/min and 75 nm/min are determined for
substrate temperatures of 400°C, 450°C and 600°C, respectively. Based
on the distribution of interference colors, the thickness of lms deposited
at high temperatures, e.g. at 600°C, is less homogenous across the sample
than of those deposited at lower temperatures, e.g. at 500°C and below.
The deposition conditions also have a strong inuence on the resulting lm
microstructure. As shown in Figure 3.4, smooth and homogeneous YSZ layers are obtained for deposition on silicon from 0.025 M Zr(acac)4 + Y(acac)3
in ethanol at 450°C. No signicant features are visible by SEM overview
images (Figure 3.4a and b), and corresponding AFM measurements yield
average roughnesses below 2 nm (not shown). TEM images of the same
sample (Figure 3.4c and d) reveal that the material consists of randomly
oriented nanocrystals with diameters in the range of 5 nm. This nanocrystalline structure is conrmed by selected area diraction (not shown). For
lms deposited on silicon, an amorphous interlayer with bright TEM contrast is found between substrate and thin lm. This is ascribed to native
silicon oxide which has a thickness of few nanometers after deposition.
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a) SEM cross section

SEM top view

100nm
TEM cross section, BF

c)) HRTEM

20nm

b)

100nm

d)

2nm

Nanocrystalline microstructure of YSZ thin lms deposited
Departement/Institut/Gruppe
on silicon at 450°C (0.025 M Zr(acac)4 + Y(acac)3 in ethanol).
Figure 3.4:

Dienstag, 15. März 2011
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a) SEM cross section

SEM top view

100nm
TEM cross section, BF

b)

100nm

c)) TEM cross section, DF

20nm

d)

20nm

Columnar microstructure of YSZ thin lms deposited on
Departement/Institut/Gruppe
silicon at 600 C (0.005 M Zr(acac)4 + Y(acac)3 in ethanol).
Figure 3.5:

Mittwoch, 16. März 2011
°
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In contrast, the coatings deposited on silicon from 0.005 M Zr(acac)4 +
Y(acac)3 in ethanol at 600°C exhibit a granular morphology with pyramidal
features around 20 nm in SEM top view images (Figure 3.5a). Corresponding bright eld (BF) and dark-eld (DF) TEM images (Figure 3.5c and d)
reveal a skewed, but columnar microstructure with crystals stretching from
the bottom to the top of the thin lm. This structure is hardly visible in
cross sectional SEM images (Figure 3.5b), which show the morphology of
the fracture surface.
This temperature and concentration dependent change in microstructure
can also be observed by x-ray diraction (Figures 3.6 and 3.7), which reveals
a cubic (or tetragonal) zirconia phase for all samples deposited at and above
400°C. All lms grown at 300°C are XRD amorphous (not shown). Similar
results are obtained for deposition on sapphire and silicon substrates.
For deposition from a 0.025 M solution (Figure 3.6), randomly oriented
structures are obtained for substrate temperatures of 450°C and 600°C.
The XRD crystallite size of the nanocrystalline material deposited at 450°C
is 3 to 4 nm, which corresponds well to the results of HRTEM in Figure
3.4d. The crystallite size obtained from 0.025 M at 600°C is around 10 nm.
For deposition from a 0.005 M solution (Figure 3.7), the lms show a preferred (111) orientation for substrate temperatures of 600°C (corresponding
to the microstructures in Figure 3.5). For deposition at 450°C, the (100)
orientation is more pronounced.
The randomly oriented versus columnar character formed during deposition
is preserved on post-deposition annealing at 600°C for 20 h. However, a
decrease in full-width-at-half-maximum of XRD patterns is observed for
samples deposited at 450°C and 600°C from a 0.025 M solution (not shown).
For the randomly oriented material deposited at 450°C, a crystallite size of
approximately 8 nm is obtained after annealing. The corresponding TEM
cross sections (Figure 3.8) also indicate an increase in crystallinity of the
material after annealing (compare to Figure 3.4).
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Deposition from 0.025M Acac in ethanol
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Figure 3.6:
Inuence of substrate nature and temperature on
XRD patterns of YSZ thin lms.
Deposition from 0.025 M
Zr(acac)4 + Y(acac)3 in ethanol on a) silicon and b) sapphire substrates.
(hkl) indices of cubic YSZ; ∗ XRD signals of silicon and sapphire substrate, respectively.
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Deposition from 0.005M Acac in ethanol

a)

°C
C

246

*
b)
* on sapphire
*
10

20

*
*

*

*

cubic YSZ PDF 01-082-1246

(200)

*

*

*
(111))

*

Ts=600
=600°C
C

* on silicon

Log intensity / a.u.
L

*

Ts=450°C

*

*

*

30
40
2 θ / ((°))

(2
220)

°C

50

Figure 3.7:
Inuence of substrate nature and temperature on
XRD patterns of YSZ thin lms.
Deposition from 0.005 M
Zr(acac)4 + Y(acac)3 in ethanol on a) silicon and b) sapphire substrates.
(hkl) indices of cubic YSZ ; ∗ XRD signals of silicon and sapphire substrate, respectively.
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TEM cross section, BF

a) HRTEM

20nm

b)

2nm

Figure 3.8: Conservation of c)
nanocrystalline
TEM
cross section
HRTEM microstructure of YSZ d)
thin lms deposited on silicon at 450°C after annealing at 600°C for
20 h (0.025 M Zr(acac)4 + Y(acac)3 in ethanol).

20nm
Dienstag, 15. März 2011
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Yc
content in
n thin film / %

Deposition from Zr(acac)4 + Y(acac)3 in ethanol
0.020M at 450°C, 4Nl/min
0.005M at 450°C, 4Nl/min
0.005M at 450°C, 2Nl/min
0.005M at 600°C, 4Nl/min
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Yttrium transfer from solution to thin lm as measured
by XPS. A constant yttrium transfer ratio of 0.8 is obtained for varying
process parameters.
Figure 3.9:
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Cation transfer from solution to thin lm

As dierent metal precursors often exhibit dierent growth rates in chemical
vapor deposition, the yttrium to zirconium ratio of thin lms produced under varying process conditions was measured by XPS. The actual cation concentration of the yttrium and zirconium precursors was determined by thermogravimetry (not shown). Precursor solutions containing 0 to 40 atom%
of yttrium (relative to zirconium) and total metal concentrations of 0.005 to
0.02 M were prepared using ethanol as a solvent. Thin lms were deposited
at substrate temperatures between 450 and 600°C using carrier gas ows of 2
and 4 Nl/min. Figure 3.9 shows the yttrium content of these thin lms compared to that of their corresponding precursor solutions. Less yttrium than
present in the precursor solutions is incorporated in the thin lms. However, the same transfer ratio is obtained for all process parameters applied.
As determined by a linear t of all data, the yttrium transfer ratio from
solution to thin lm is 0.79 ± 0.02 in our region of interest between 0 and
30% yttrium. According to this, precursor solutions containing 20 atom%
of yttrium should be used to deposit 8YSZ (Zr0.84 Y0.16 O2−δ ).
The yttrium transfer ratio is also found to be independent of the substrate
material (sapphire, silicon, or silicon nitride coated silicon), and of deposition times between 5 and 30 minutes corresponding to lm thicknesses
between 50 and 270 nm (not shown). There is, however, a strong inuence
of the precursor solution temperature in the nebulizer. The yttrium transfer ratio decreases to 0.54 for a sample deposited with the water cooling
switched o, to even 0.13 after further warming of the precursor solution in
the ultrasonic nebulizer.

3.3.3

YSZ lm growth kinetics

For a closer study on the temperature dependence of AA-CVD lm growth,
depositions were performed in 33°C steps between 300 and 633°C for different precursor solutions. YSZ lm growth from dierent metal precursors [Zr(acac)4 +Y(acac)3 vs. Zr(tmhd)4 +Y(acac)3 ], metal concentrations
[0.005 M vs. 0.025 M], and solvent systems [pure ethanol vs. heptane +
ethanol] was investigated. Based on the yttrium transfer rate for 2,4-
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pentanedionates, solutions containing 20 atom% yttrium and 80 atom% zirconium were applied. Film growth of un-doped zirconia was also studied.
Figure 3.10a shows the lm growth rates of two spray solutions with dierent
metal precursor concentrations, which are based on zirconium and yttrium
2,4-pentanedionates dissolved in pure ethanol. In addition, the growth rates
of the same precursors dissolved in a mixture of heptane and ethanol at
0.005 M are shown.
Between 300 and 400°C, the growth rates are independent of the precursor
concentration and choice of solvent. They show the same, Arrhenius-type
dependence on the deposition temperature with apparent activation energies
of 76 ± 20 kJ/mol. At higher temperatures, the growth rates are strongly
inuenced by the precursor concentration, but show only weak dependence
on the substrate temperature. At and above 500°C, growth rates around
60 nm/min are obtained for ethanol solutions with metal concentrations of
0.025 M, while approximately 7 nm/min are obtained for concentrations of
0.005 M between 433 and 633°C. A very similar behavior of growth rates is
also found for deposition of pure ZrO2 from Zr(acac)4 in ethanol. While
the same thermally activated regime is found at lower temperatures, slightly
higher growth rates than for YSZ are obtained in the high temperature regime (not shown). Beside the metal precursor concentration, the type of
solvent also has an inuence on YSZ growth rates above 400°C. For the same
metal concentration of 0.005 M, the deposition rates double from roughly
7 nm/min for pure ethanol solutions to about 15 nm/min for ethanol +
heptane as solvent (Figure 3.10a). At the same time, the precursor solution throughput of the ultrasonic nebulizer unit is about twice as high for
ethanol+heptane (4,9 ml/min on average) than for pure ethanol solutions
(2,5 ml/min). The average solution throughput of the ultrasonic nebulizer
does not depend on the dissolved precursor salts.
In contrast to lms deposited from 2,4-pentanedionates, the growth rates
based on Zr(tmhd)4 show a higher temperature dependence in the upper
temperature regime (Figure 3.10b). Two regimes with dierent activation
energies can be identied for temperatures below and above 450°C. At low
temperatures, the apparent activation energy of 72 ± 16 kJ/mol is similar to
that of the pentanedionate precursors. The growth rates of the tetramethyl-
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heptanedionate solution are, however, by a factor of two lower in this regime.
Above 450°C, a second thermally activated process with Ea = 30 ± 2 kJ/mol
can be identied with good accuracy. As a consequence, the growth rates
reach those of 0.005 M pentanedione in ethanol+heptane around 600°C.

3.4 Discussion
3.4.1

YSZ thin lm deposition and microstructure

Thin lm deposition of YSZ is only possible at temperatures at and above
300°C in our experiments. Between room temperature and approximately
100°C, solution droplets reach the substrate according to a wet spray pyrolysis deposition mechanism. However, with the temperatures being so
low, no decomposition of the metal precursor occurs. Between 100°C and
300°C, no deposits are found on the substrate at all. In this regime, the
ethanol solvent evaporates well above the substrate, leaving nely divided
metal precursor precipitates in the gas stream. However, thermophoretic
forces drive the particles away from the hot substrate 23 , and the particles
are vented away with the gas ow. At and above 300°C, lm growth by
chemical vapor deposition occurs. This minimal lm growth temperature
was also reported for the deposition of zirconia by rapid thermal CVD from
Zr-t-butoxide with oxygen under reduced pressure 24 .
In the CVD regime, lm microstructures depend on substrate temperature and precursor concentration, and are thereby inuenced by the lm
growth rate. This is due to an interplay between nucleation and growth
kinetics during deposition 10 , which are in turn inuenced by the precursor
supersaturation and mobility of adsorbed precursor species on the substrate
surface. At very low deposition temperatures, e.g. at 300°C, the mobility
of adsorbed precursor species on the substrate surface is so low that nucleation occurs without detectable grain growth, and amorphous deposits
are obtained. At intermediate temperatures, e.g. 450°C, both nucleation
and grain growth occur. At this temperature, the dierent precursor concentrations in ethanol correspond to growth rates of roughly 7 nm/min for
the 0.005 M solution and 40 nm/min for the 0.025 M solution. The dierent
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growth rates also inuence the resulting microstructure (Figures 3.6 and
3.7). While randomly oriented nanocrystals are obtained for deposition at
40 nm/min, slightly larger crystallites with some degree of preferred orientation in (100) are obtained for the slower growth rate. This reects the
migration of gaseous reactants to preferred lattice sites corresponding to the
fast growing (100) planes. At even higher temperatures, e.g. 600°C, surface
diusion is high enough to allow migration of precursor molecules to the
(111) lattice planes of lowest surface energy for slow deposition. Columnar
grains are obtained from 0.005 M solutions (growth rate around 7 nm/min)
on both sapphire and silicon. For fast deposition from 0.025 M solutions
(roughly 70 nm/min), more randomly oriented crystals are again obtained.
The lm thickness increases linearly with deposition time at all temperatures, and continuous lms have been produced with thicknesses down to
the detection limit of SEM (approximately 15 nm). In our experiments,
lm growth occurs on o-axis oriented crystalline sapphire substrates and
on silicon wafers. The substrate surface of silicon is amorphous, because
native silicon oxide grows to several nanometers thickness at the elevated
substrate temperatures. No signicant inuence of the substrate material
was observed for YSZ lm growth. However, diusion of silicon to YSZ grain
boundaries may impede grain growth on silicon substrates at temperatures
as low as 600°C 4 .

3.4.2

Cation transfer from solution to thin lm

The ability to deliver a spray of xed metal precursor ratio and concentration is advantageous in AA-CVD as compared to conventional CVD,
because it allows reproducible deposition of multi-elemental thin lms with
constant composition. In our study, an yttrium transfer ratio of 0.8 is always obtained for a xed choice of metal precursors [Zr(acac)4 + Y(acac)3 ]
and solvent [ethanol]. This ratio is constant for dierent process parameters
like substrate choice, deposition time, deposition temperature, total metal
precursor concentration, and carrier gas ow. It is thus also not inuenced
by the lm growth rate. However, the temperature of the spray solution
in the nebulizer does have a strong inuence on the yttrium transfer. In
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our setup, both the ultrasonic nebulizer unit and the precursor solution are
water cooled. This is done to assure a transport of the precursor solution
(in form of an aerosol) at room temperature. Because the vaporization of
metal precursors occurs only directly above the heated substrate, very reproducible transfer ratios are obtained. The literature available on yttrium
transfer in AA-CVD of YSZ holds diering results. Based on the same
Zr(acac)4 + Y(acac)3 precursors dissolved in methanol with varying concentrations, Ramírez et al. 12 obtained values scattered around a congruent
yttrium transfer (transfer ratio = 1) for deposition at 525°C. Similarly, an
(almost) congruent transfer was reported by Wang et al. 15 for one composition of 0.05 M Zr(acac)4 + Y(acac)3 in dimethylformamide (DMF) at 550
and 700°C. This, however, changed drastically for a deposition temperature
of 450°C, where a transfer ratio of only 0.19 was obtained.
For AA-CVD deposition from Zr(tmhd)4 and Y(tmhd)3 in toluene, Song et
al. 16 report a constant transfer ratio of 0.92 in the substrate temperature
range of 400600°C. The same group also obtained ratios of 0.84 at 600°C
and 0.82 at 800°C for the same materials but slightly dierent experimental
settings 25 . After the addition of halogen lights between nozzle and sample
holder, preferential incorporation of yttrium was observed at 650°C with a
transfer ratio of 2.30 using the same solutions as before 17 . This was explained by a change in the rate limiting deposition mechanism caused by
higher temperatures in the gas phase above the substrate. Besides the solution and aerosol temperature, the exact experimental setup and especially
the temperature distribution above the heated substrate therefore have a
signicant inuence on the cation transfer. This makes AA-CVD cation
transfer ratios reported in literature dicult to compare.

3.4.3

Film growth processes in aerosol assisted CVD

Most of the literature data on zirconia and YSZ lm growth by metal organic
chemical vapor deposition (MOCVD) 2630 and AA-CVD 11,16,25,31 show a
transition from a thermally activated regime at low temperatures to a regime
with weak temperature dependence at high temperatures as observed in
Figure 3.10. For MOCVD, there is a huge scatter of reported data with
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growth rates between 10 and 1000 nm/min and apparent activation energies
(Ea ) between 50 kJ/mol 26 and 150 kJ/mol 28 in the low temperature regime.
For AA-CVD, growth rates from several to 100 nm/min are reported with
apparent activation energies between 30 kJ/mol 16 and 60 kJ/mol 11 .
The dependence of lm growth rates on process parameters can be used to
identify the processes limiting deposition 10,23,32 . The dierent rate limiting
regimes applicable to AA-CVD are discussed in the following. Figure 3.11
shows a schematic sketch of deposition processes in AA-CVD together with
the dependence of gaseous species and temperature on their distance to the
substrate surface.

(I) Feed rate limited deposition
In AA-CVD, the feed rate is a result of (I.i) aerosol delivery to the reaction
zone and (I.ii) vaporization of the metal precursor 23 (Figure 3.11).
Aerosol delivery (I.i) is determined by the properties of the aerosol (ow
rate, droplet size, etc.) and the spray solution (e.g. chemical composition, precursor concentration). Because the aerosol delivery rates by ultrasonic nebulizers are quite high, delivery limited deposition can usually
be avoided 23 . In our setup, aerosol delivery corresponds to the precursor solution throughput, which can be used to estimate the eciency of
precursor conversion. It is around 4% for 0.005 M ethanol and 4.5% for
ethanol + heptane solutions, while 7% are obtained for 0.025 M ethanol solutions. Aerosol delivery is therefore not expected to limit lm growth. Furthermore, the thermally activated regime obtained for deposition from heptanedionate (Ea = 30±2 kJ/mol) can not be explained by limitation through
aerosol delivery.
Precursor vaporization (I.ii) depends mainly on the choice of metal precursor
and the temperature regime. Close to the heated substrate, where the
temperature is increased to the vaporization temperature Tv , the low boiling
point solvent of the aerosol droplets evaporates, and the metal precursor is
vaporized. Its evaporation rate v is related to temperature in an Arrhenius
type behavior, where the thermal activation energy Ea can be approximated
by the vaporization enthalpy ∆Hv of the precursor 33 , and v0 and R have
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their usual meanings:

∆Hv

v = v0 e− RTv .

(3.1)

Precursor vaporization limited deposition has been reported for the deposition of copper at 140°C, which showed a dependency on the temperature of
a preheating zone (40 to 80°C) for the nebulized precursor 34 . The vaporization enthalpy ∆Hv of Zr(acac)4 as determined by dierential scanning
calorimetry is around 132 kJ/mol 35 , while the activation energy measured
for evaporation of Zr(tmhd)4 from a crucible is 107 kJ/mol 36 . These values do not correspond to the apparent activation energies obtained for the
pentanedionate and heptanedionate precursors in Figure 3.10. For our experiments, lm growth limitations due to insucient precursor feed rates
are therefore not expected.

(II) Gas phase diusion limited deposition
Once in the reaction chamber, both the transport of the gaseous precursor
to, and of gaseous reaction by-products away from the substrate surface
have to be considered. To assess these diusion processes, it is generally
assumed that the total resistance to mass transport is contained within
a relatively thin layer of gas adjacent to the the substrate surface 32 (see
Figure 3.11).
For dilute non-polar gases, the dependence of the diusion coecient on the
diusion temperature Td can be approximated using the Chapman-Enskog
theory 37 , where
3
D ∝ Td2 .
(3.2)
This dependence on temperatures is rather weak, especially when plotted in
an Arrhenius diagram. The gas phase diusion limited regime is typical for
high temperatures and high pressures corresponding to high surface reaction
rates and slow diusion. At atmospheric pressure, the concentration gradient within the boundary layer is decreased and mass transport is slowed
down. Diusion processes in the gas phase are therefore expected to play
an important role in AA-CVD. While the deposition rates are high in this
regime, non-uniform coatings may result due to local precursor depletion 10 .
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In fact, the high temperature lm growth rates from all solutions in this
study could be explained by diusion limited deposition. Although the gas
diusion temperature Td forms a gradient above the substrate (Figure 3.11)
and is not known for our experiments, it is assumed to be lower than the
substrate temperature Ts by a constant value ∆T as a rst approximation:
Td = Ts − ∆T . The line ts inserted in the high temperature regime of
pentanedionate deposition in Figure 3.10a correspond to Chapman-Enskog
3
diusion with growth rates proportional to (Ts − ∆T ) 2 . However, due to
the limited accuracy of the experimental data, it is not possible to uniquely
determine ∆T . The larger growth rates for higher precursor concentration and enhanced droplet delivery (through the higher nebulization rate of
the heptane+ethanol solution) can then be explained by enhanced diusion
through an increased concentration gradient according to Fick's rst law.
As a result of local precursor depletion, the thickness of coatings deposited
from pentanedionate precursors does become more inhomogeneous at high
substrate temperatures.
For the Zr(tmhd)4 based solution, a higher apparent activation energy of
30±2 kJ/mol is determined above approximately 450°C. This value is in excellent agreement with the results on AA-CVD deposition from Zr(tmhd)4
and Y(tmhd)3 in toluene obtained by Song et al. 16 , who report an activation energy of 31 kJ/mol for lm growth due to diusion limitations. The
deviation from the Chapman-Enskog theory could be due to the dierent
diusion behavior of the larger tetramethyl-heptanedionate molecules, leading again to an Arrhenius-type dependence on temperature.
Based on these observations, we suggest a diusion limited regime for the
high temperature depositions of our experiments.

(III) Surface reaction limited deposition
The surface reactions comprise several highly temperature dependent processes: (1.) adsorption of the gaseous precursor, (2.) surface diusion, (3.)
chemical reaction and lattice formation, and (4.) desorption of gaseous reaction by-products. Generally, the rate constant k of a chemical reaction is

CONCLUSIONS

53

considered to have an Arrhenius-type dependence on temperature 38 , which
corresponds to the substrate temperature Ts in this case.
Overall deposition is often limited by surface reactions at low substrate
temperatures and slow reaction rates. While the deposition rates are low,
abundant reactants are available near the substrate surface. This enables
the deposition of lms of uniform thickness.
The thermally activated regimes between 300 and 400°C in Figure 3.10 show
the same apparent activation energy of 76±20 kJ/mol for dierent solvents
and dierent precursor concentrations and are assigned to surface reaction
limitation. The fact that the same activation energy is also obtained for
the two dierent β -diketonate precursors suggests that YSZ lattice formation (3.) is the rate limiting step. The decreased absolute growth rate
of the tetramethyl-heptanedionate precursor as compared to pentanedionates in the low temperature regime could be due to the larger size of the
Zr(tmhd)4 molecules. Because of their bulky ligands, a lower density of
adsorbed species is obtained on the substrate surface, which leads to lower
growth rates.

3.5 Conclusions
Based on a detailed understanding of the deposition mechanism, thin lm
growth by chemical vapor deposition can be obtained using a simple, non
vacuum ultrasonic nebulizer setup. In this study, smooth and homogeneous
YSZ lms are produced at substrate temperatures between 300 and 650°C.
Depending on the deposition temperature, amorphous, nanocrystalline, or
columnar microstructures develop. For our deposition conditions, the yttrium transfer ratio from solution to thin lm for Zr(acac)4 + Y(acac)3 in
ethanol is 0.8 for varying process parameters. The desired cation composition can be obtained by adjusting the composition of the precursor solution.
The thin lm growth rates are inuenced by deposition temperature and
solution composition. At low temperatures (300 to 400/500°C depending
on the precursor concentration), lm growth is limited by surface reactions:
similar apparent activation energies in the range of 70 or 80 kJ/mol are obtained for pentanedionate and tetramethyl-heptanedionate precursors. At
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higher substrate temperatures (above 400/500°C), deposition becomes gas
phase diusion limited. For Zr(acac)4 + Y(acac)3 , growth rates are propor3
tional to T 2 according to the Chapman-Enskog theory; for the tetramethylheptanedionate precursor, an apparent activation energy of 30±2 kJ/mol is
obtained.
For applications as gas tight electrolytes, the randomly oriented nanocrystalline YSZ thin lms obtained by AA-CVD at intermediate temperatures
(e.g. 450°C) and fast deposition rates are promising. For this purpose, further studies will be conducted to evaluate the gas tightness and electrical
conductivity of the lms. Furthermore, the thermomechanical stability of
free standing membranes will be investigated.
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4
Crack-free yttria stabilized zirconia
thin lms by aerosol assisted chemical
vapor deposition: Inuence of water
and carrier gas

Yttria stabilized zirconia thin lms are deposited on silicon single crystal
substrates by aerosol assisted chemical vapor deposition from precursor solutions of zirconium and yttrium 2,4-pentanedionate in ethanol. Continuous
lms are obtained using pure oxygen, pure nitrogen, or mixtures of both as
carrier gas. In the simultaneous presence of water and oxygen, crack formation is observed for lms deposited at intermediate substrate temperatures
(450°C), while those deposited at low (300°C) and high (600°C) temperatures remain crack-free. Crack-free lms can be deposited at 450°C in a
water free setting, or in the presence of water using pure nitrogen as carrier
gas. The addition of water to the precursor solutions also signicantly reduces lm growth rates.

M. V. F. Schlupp, S. Binder, J. Martynczuk, M. Prestat, and L. J. Gauckler,
(2012).
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CRACK-FREE YSZ THIN FILMS

4.1 Introduction
Economical preparation of dense, crack-free yttria stabilized zirconia (YSZ)
lms is required for many applications, e.g. for the development of micro 
solid oxide fuel cells (µ-SOFC) 1,2 , electrochemical gas sensors 3 , or electronic
applications such as high density 2D and 3D capacitors 4 . Solution-based deposition techniques like sol-gel synthesis and wet spray pyrolysis are known
to produce cost-eective thin lms with a high degree of stoichiometric
control. However, with these techniques, hydrous and organic components
constitute a signicant fraction of the solution-based deposit. The end product is formed in a pyrolysis or post-deposition annealing step, in which the
volatile constituents are removed as H2 O(g) and CO/CO2 (g) . In substrate
constrained thin lms, the shrinkage related to this mass loss entails biaxial
tensile stresses 5 . If these stresses exceed the lm's tensile strength, a crack
is formed, which will extend if the lm thickness exceeds a critical value 6 .
As a result, mud crack patterns are often encountered in solution based thin
lms above a certain thickness. Furthermore, high annealing temperatures
may be required to obtain the desired end product, which are not acceptable
for device fabrication.
For deposition of YSZ by sol-gel methods, Maleto et al. 7 have reported a
maximum thickness of crack-free gels in the range of 250 nm, resulting in
YSZ thin lms of 140 nm after annealing at 500°C. Thicker crack-free layers
could only be obtained by repeated deposition and annealing procedures.
Using wet spray pyrolysis, the precursor solution continuously decomposes
as droplets are sprayed onto a heated substrate. While this allows deposition of crack-free lms up to 800 nm thickness, these lms were shown
to contain 4.6 wt% of organic material, which could only be removed at
annealing temperatures above 1000°C 8 . In aerosol assisted chemical vapor
deposition (AA-CVD), lm growth takes place from gaseous metal-organic
precursor molecules 9 . Therefore, the incorporation of organic constituents
is expected to be less than with sol-gel or wet spray pyrolysis methods. In
a previous paper 10 , we have investigated the inuence of substrate temperature and solution composition on YSZ lm growth rates, microstructure
and stoichiometry, and were able to identify the CVD regimes limiting lm
growth. In this contribution, we report on the inuence of carrier gas com-
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position and water impurities on YSZ deposition at substrate temperatures
between 300 to 600°C. Unexpectedly, the occurrence of mud crack patterns
is observed in YSZ lms deposited at intermediate substrate temperatures
(450°C) under certain conditions. Crack formation is correlated with the
simultaneous presence of oxygen and water during deposition, which may be
introduced by the precursor solution or the carrier gas. While the presence
of water is known to improve the lm purity in classical chemical vapor deposition 11,12 , no reports relate the presence of water and oxygen with crack
formation in AA-CVD so far.

4.2 Experimental
YSZ thin lms were deposited from a precursor solution of zirconium and
yttrium 2,4-pentanedionate (Zr(C5 H7 O2 )4 = Zr(acac)4 , 95% purity, ABCR,
Germany and Y(C5 H7 O2 )3 = Y(acac)3 , 99.9% purity, Alfa Aesar, Switzerland) in pure ethanol (>99.8% purity, A15 Alcosuisse, Switzerland). For
some experiments, up to 10 vol% of distilled and ion exchanged water were
added to the ethanol solvent. The atomic ratio of Zr:Y was always 0.80 : 0.20
with a total metal concentration of 0.025 M, which yields YSZ thin lms
of 8 mol% Y2 O3 10 . The precursor solutions were nebulized in a custommade spray setup based on a commercially available ultrasonic nebulizer
(Fogstar 600, Seliger, Germany) with 6 piezoelectric transducers (∅ 20 mm)
operating at a frequency of 1.7 MHz. The ultrasonic nebulizer was water
cooled by an external cooling cycle at 10°C, which was separated from the
precursor solution compartment by a polyimide membrane of 25µm thickness. The ll level of the precursor solution above the ultrasonic nebulizer unit was maintained constant during deposition using a purpose-built
constant level burette, which also allowed to monitor the average solution
throughput during experiments 10 . The precursor nebula was transported
to a heated substrate through a glass tube using oil-free compressed air
or mixtures of bottled O2 (Pangas, Switzerland, 99.999% purity) and N2
(Pangas, Switzerland, 99.995% purity) at a ow rate of 4 Nl/min as carrier
gas. The distance between tube outlet and substrate was kept at 6 mm for
all depositions. Deposition was conducted on <100> oriented silicon wafers
(ABC, Germany, 500µm thickness) at substrate temperatures between 300
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and 600°C, with most experiments at 450°C. To accurately adjust the substrate temperature (Ts ), a steel plate equipped with a thermocouple (type
K) was placed on the hot plate, and the hot plate temperature was controlled by this thermocouple using a Eurotherm controller. In addition, the
substrate temperature was measured with an external contact thermocouple, and the hot plate temperature was adjusted accordingly. Some thin
lms were annealed in a mue furnace at 600°C with heating and cooling
rates of 3 K/min and a holding time of 20 h in air after deposition.
Top-view morphologies and lm thicknesses of freshly fractured cross sections were characterized using scanning electron microscopy (FEG-SEM,
Zeiss LEO Gemini 1530, Germany) with an in-lens detector at 5 kV. Prior
to imaging, the samples were coated with a thin platinum lm. Film thicknesses were determined from cross sections as an average of at least three
sample positions. Scanning transmission electron microscopy (STEM) investigations were performed on cross-sectional thin lm samples deposited
on silicon using a FEI Tecnai F-30 (eld emission gun) with an accelerating
voltage of 300 kV and post-column CCD camera. Images were taken in the
high-angle annular dark-eld (HAADF) scanning transmission electron microscopy (STEM) mode. A traditional sample preparation technique based
on polishing, dimpling and ion milling (Gatan precision ion polishing system
at 4 keV and 4° angle of incidence from top and bottom) was applied.
The carbon content of some of the thin lms was investigated by X-ray
photoelectron spectroscopy (XPS, Sigma2, Thermo Fisher Scientic, UK).
All spectra were acquired at 200 W with an Al Kα X-ray source (1486.6 eV)
in small area XPS mode (spot size 600 µm) at a pressure of 5·10−8 Pa.
The spectra of Zr 3d, Y 3d, O 1s and C 1s were probed at high resolution
(0.1 eV step size and 25 eV pass energy) both on the surface of the lms
and after in-situ sputter cleaning an area of 3 mm x 3 mm with Argon ions
at 3 kV, 1µA for 3 minutes. All data were analyzed using the program
CasaXPS (V2.3.15, Casa Software Ltd., UK). An iterated Shirley-Sherwood
background subtraction was applied using a linear-least square algorithm.
The spectra were referenced by tting two components to the oxygen signal
and setting the most intense O 1s peak to 530 eV.
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4.3 Results
Top view SEM micrographs of YSZ lms deposited at dierent substrate
temperatures using oil-free compressed air as carrier gas are shown in Figures 4.1 a, b, c. All lms have thicknesses between 160 and 200 nm. While
thin lms deposited at 300 and 600°C are crack-free, those deposited at
450°C show cracks. On post-deposition annealing at 600°C, the low and
high temperature samples remain crack-free (Figure 4.1 d, f), while cracks
in the 450°C sample are aggravated (Figure 4.1 e). According to the HAADF
STEM cross section in Figure 4.2 (which corresponds to the sample in Figure
4.1 e), these cracks form V-shaped cavities originating at the top of the thin
lm. Most of the cracks do not stretch through the whole lm thickness, and
the substrate  lm interface is still intact. Furthermore, a homogeneously
distributed porosity with pore sizes similar to those of the grains (few nm)
is observed in the STEM samples. The development of porosity occurs independently of crack formation and is discussed in a separate paper 13 . The
cracks formed at intermediate substrate temperatures are typically only tens
of nanometers wide and less than 1 µm long. Both cracked and crack-free
lms deposited on silicon wafer substrates have mirror-like appearances and
show thickness dependent interference colors. Crack formation at 450°C can
be observed for all lm thicknesses (tens of nm to hundreds of nm), although
crack distribution and size are thickness dependent. In addition, the same
crack patterns are obtained on silicon and polycrystalline YSZ substrates
(not shown here).
To investigate the inuence of carrier gas composition on crack formation of
YSZ thin lms, compressed air was exchanged by mixtures of bottled oxygen
and nitrogen. Films deposited at 450°C under varying O2 to N2 ratios do
not show cracks, neither as deposited nor after annealing at 600°C (Figure
4.3 for pure oxygen and pure nitrogen). Crack-free lms with thicknesses of
700 nm can, for for instance, be produced using nitrogen as carrier gas. The
oxygen content of the carrier gas, however, has an inuence on lm growth
rates (Figure 4.4). At 450°C, growth rates increase with increasing oxygen
content from around 17 nm/min using pure nitrogen to almost 40 nm/min
using pure oxygen.
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Figure 4.1: Microstructures of YSZ thin lms as deposited on silicon at a) 300°C, b) 450°C, and c) 600°C
Montag, 17. Oktober 2011
Departement/Institut/Gruppe
using
compressed air. The corresponding microstructures
after annealing at 600°C for 20 h are shown in d),3 e),
and f), respectively. SEM top views; all lms have comparable thicknesses between 160 and 200 nm.
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As no inuence of the oxygen partial pressure on thin lm microstructures
was observed, the eect of uncontrolled humidity of compressed air on crack
formation was investigated for thin lms deposited at 450°C. Therefore,
small amounts of water were introduced to the system via the precursor
solution, and lms were deposited using 25 vol% O2 + 75 vol% N2 as carrier
gas (referred to as synthetic air in the following). As shown in Figure 4.5,
crack-free lms are deposited only in a water free system, while cracked microstructures are obtained from precursor solutions containing 0.5 to 2 vol%
of water. For constant lm thicknesses, the amount of crack formation
decreases with increasing water content.
For precursor solutions containing 3 vol% water, crack-free lms can again
be obtained for lms up to approximately 200 nm thickness (Figure 4.6 a).
However, these lms form cracked microstructures for higher thicknesses
(Figure 4.6 b) and after annealing at 600°C for all lms. This is not the case
for water-free solutions, which yield crack-free lms of e.g. 400 nm also after
annealing (Figure 4.6 c, d).
Furthermore, lm microstructures obtained in the presence of water are
strongly inuenced by the choice of carrier gas. For deposition under pure
nitrogen instead of synthetic air, crack-free microstructures are also obtained when water is added (Figure 4.7, 3 vol% water). Crack formation
therefore only occurs in the simultaneous presence of oxygen and water in
the deposition atmosphere.
The combination of water content and choice of carrier gas (synthetic air versus pure N2 ) also inuences lm growth rates (Figure 4.8). For both carrier
gases, a slight increase in lm growth rates is observed for very small water
additions with a maximum in growth rates at 0.5 vol% H2 O. Under synthetic air and pure nitrogen, this corresponds to approximately 30 nm/min
and 25 nm/min, respectively. Above 1 vol% H2 O, the growth rates decrease
markedly with increasing water content but are very similar for both atmospheres. At 3 vol% H2 O, lms grow at around 5 nm/min only, and at
10 vol% H2 O, lm thicknesses are too low to be measured even after 60 min
of deposition (growth rate < 0.5 nm/min). While cracked microstructures
are obtained for water additions between 0.25 and 3% using synthetic air as
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carrier gas, crack-free lms are always obtained for deposition under pure
nitrogen.
Samples prepared in the presence of water (3 vol%) using either synthetic air
or pure nitrogen as carrier gas (corresponding to those in Figure 4.7 before
annealing) were then investigated by XPS. The pristine thin lm surfaces
were compared to the same samples after argon sputter-cleaning at 3 keV
for 3 min. Survey spectra revealed the presence of zirconium, oxygen and
yttrium. Carbon was detected on the lm surface only. Other impurities
like silicon were not detected.
High resolution scans of Zr3d and O1s signals from the lms deposited using
synthetic air as carrier gas are shown exemplarily in Figure 4.9. Equivalent
signals were also obtained for lms deposited under pure nitrogen. The
main peak of the oxygen signal corresponding to (Zr,Y)O2−δ is referenced
to 530.0 eV. A second oxygen peak is also present at 531.8 ± 0.1eV indicating the presence of another oxygen species both on the lm surface and
within the thin lm. The zirconium and yttrium signals show peak doublets
at 182.4±0.1 eV and 184.8±0.1 eV, and 157.3±0.2 eV and 159.3±0.2 eV, respectively. No signicant changes are observed in the zirconium, yttrium
and oxygen signals on sputtering, except for a decrease of the O1s signal
at 531.8 eV. The ratio of yttrium and zirconium to oxygen also remains
constant on sputtering.
The C1s signals of the as-deposited samples are compared in Figure 4.10.
On the surface, all lms show C1s signals at 285.0±0.1 eV and 289.2±0.1 eV.
After sputter-cleaning, however, both signals are reduced below the detection limit, which is estimated to be in the range of 1 atom%. According to
XPS, YSZ thin lms forming cracked microstructures could therefore not
be distinguished from those forming crack-free microstructures.
Furthermore, the shrinkage behavior of dierent YSZ lms deposited at
450°C on annealing at 600°C and 1000°C was investigated. To obtain reliable data, several samples were prepared for each set of process conditions
applying dierent deposition times. Parts of these samples were then annealed at 600°C and 1000°C, respectively. The resulting lm thicknesses are
shown in Figure 4.11 as a function of deposition time.
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thin lms (right, after 3 min argon sputtering) deposited at 450°C using
a precursor solution with 3 vol% water and synthetic air as carrier gas.
Equivalent spectra are also obtained for deposition under pure nitrogen.
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(see Table 4.1). Films deposited using pure nitrogen as carrier gas are less
homogeneous than those deposited in the presence of oxygen. For these
samples the lm thickness decreases towards the center of deposition. Fur-
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3% H2 O. The lines between samples deposited under N2 are guides to
the eye only. Films deposited with 3% H2 O are cracked.
Figure 4.11:

Donnerstag, 15. März 2012

thermore, lm growth rates are not constant but increase with increasing
deposition time. Due to inhomogeneous lm thicknesses, it was not possible to determine reasonable shrinkage rates for these samples. For the other
deposition conditions, reduction of lm thickness due to post deposition
annealing at 600°C and 1000°C ranges up to 7 and 11% (Table 4.1).

4.4 Discussion
The formation of crack patterns in thin lms is generally related to a relieve of biaxial tensile stresses in a substrate constrained system 5 . In the
absence of epitaxial growth, these stresses are usually related to thermal
eects, mainly mismatches in thermal expansion coecients, or to the nonequilibrium growth of continuous thin lms 14 .

74

CRACK-FREE YSZ THIN FILMS

as deposited +600°C, 20h +1000°C, 20h
m=
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2.4 ± 1.6%

35.6 ± 1.1
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6.7 ± 0.2
0.7 ± 5.2%

26.2 ± 1.0
11.0 ± 4.4%
6.5 ± 0.3
3.0 ± 5.9%

pure O2
synth. air

6.7 ± 0.3

Results of the linear ts in Figure 4.11: Film thickness y
(nm) = m (nm min−1 ) · deposition time t (min), where m corresponds
to the growth rate for as deposited lms. Film shrinkage ∆y/y (%) for
lms annealed at 600°C and 1000°C.
Table 4.1:

For yttria stabilized zirconia with a thermal expansion coecient α of
8 · 10−6 K −1 at 450°C 15 on silicon (α ≈ 4 · 10−6 K −1 ) 16 , tensile stress states
associated with cooling after deposition at elevated temperatures are expected. However, we observe crack patterns only at intermediate (450°C),
not at high deposition temperatures (600°C). Furthermore, crack formation occurs not only on silicon, but also on polycrystalline YSZ substrates.
Stresses due to thermal expansion mismatch can therefore not explain crack
formation in our case.
Stresses based on non-equilibrium lm growth occur when the deposited
material has a higher volume than in its equilibrium state, e.g. because it
contains residual organic material, is amorphous, has a metastable crystal
structure, or contains excess vacancies 14 . At elevated temperatures, or even
at constant temperature with time, such a lm can rearrange and decrease
its volume, thus forming mud crack patterns above a critical lm thickness 6 .
This situation is typical for solution based thin lms produced by sol-gel synthesis or wet spray pyrolysis, which contain a signicant amount of organic
and hydrous constituents after deposition. In the case of non-equilibrium
lm growth, enhanced crack formation would normally be expected on annealing of AA-CVD lms deposited far from their equilibrium state, for
instance for deposition at low temperatures, in an inert gas atmosphere,
or at high deposition rates. However, no cracks are found in YSZ lms
deposited at 300°C (Figure 4.1 a, d) or under pure nitrogen (Figure 4.3 b),
neither in as-deposited thin lms nor after annealing. Crack-free lms can
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further be deposited under pure oxygen at growth rates of 40 nm/min (Figure 4.4), while cracked microstructures are obtained in the presence of water
at growth rates as low as 5 nm/min.
According to our experiments, crack formation is correlated with the simultaneous presence of water and oxygen during lm growth at intermediate
temperatures around 450°C. Water concentrations between 0.5 and 3 vol% in
the precursor solutions correspond to H2 O/(Zr4+ +Y3+ ) ratios between 11
and 69 during deposition. Similar cracked microstructures as obtained from
these solutions (in the presence of oxygen) can also be observed in thin lms
deposited from water-free precursor solutions, but using humid compressed
air as carrier gas (Figure 4.1 b, e). With an average precursor solution consumption of 2.5 ml/min, a carrier gas ow of 4 l/min, H2 O/(Zr4+ +Y3+ ),
and relative humidities of 20 to 100% for compressed air at 20°C, ratios of
12 to 62 are estimated for this situation. As these values lie in the same
order of magnitude, the presence of water most likely is the reason for crack
formation in both cases.
Although crack formation only occurs when both water and oxygen are
present during deposition, the same reduced growth rates are obtained for
water additions ≥1% under synthetic air and pure nitrogen (Figure 4.8).
A similar inuence of water on thin lm growth rates has been reported
for dierent materials in CVD and AA-CVD. According to Bizarro et al. 17 ,
AA-CVD lm growth rates from Zr(acac)4 + Al(acac)3 under air decreased
when water was added to the precursor solutions. While deposition rates
of 20 nm/min were obtained for water free solutions, only 4 nm/min were
obtained for solutions containing 1.5 to 3.3 vol% of water. These ndings
are very similar to our results depicted in Figure 4.8. Deschanvres et al. 18
have reported a strong inuence of humidity of the carrier gas on deposition
rates of ZnO by AA-CVD. In a dry atmosphere of 80 vol%N2 + 20 vol%O2 ,
the deposition rate was three times higher than in air saturated with water vapor at 20°C (17 g H2 O/m3 ). This can be correlated with studies
on thermal decomposition of zinc acetate Zn(ac)2 ·2 H2 O 19 and zinc 2,4pentanedionate Zn(acac)2 ·H2 O 20 by Arii and Kishi, according to which the
atmosphere inuenced the formation of volatile zinc species. Under dry inert gas (He or N2 ), highly volatile zinc species were formed, leading to mass
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losses of 97% during TG analyses. A humid atmosphere (He or N2 + H2 O),
however, prevented the formation of volatile zinc species. The presence of
water may therefore inhibit the formation of volatile zirconium and yttrium
species also in our experiments, thus leading to decreasing deposition rates
with increasing water content ≥ 1 vol%. This process probably occurs due
to ligand exchange reactions between the pentanedionate ligands and water 21 . Arii and Kishi furthermore report that the addition of oxygen to
the humid atmosphere (He or N2 + H2 O + O2 ) did not inuence decomposition, and the same thermal processes were identied as in humid He
or N2 atmospheres 19,20 . These ndings coincide with our observation that
the presence of oxygen does not inuence growth rates for water additions
≥ 1 vol%. On the other hand, Ortiz et al. 22 could deposit Al2 O3 from water based Al(acac)3 solutions (75 vol% H2 O + 25 vol% CH3 OH) and air as
carrier gas. The inuence of water on AA-CVD therefore diers even for
dierent metal pentanedionate precursors.
When water is added to the precursor solution in our experiments, the
amount of cracks in as-deposited thin lms decreases with increasing water
additions (Figure 4.5) and decreasing lm growth rates (Figure 4.8). This
indicates that crack formation is caused by metastable phases produced in
the presence of water and oxygen, which form to a lower extent at reduced
deposition rates. The decomposition reactions responsible for lm growth
therefore inuence this process.
Zirconium 2,4-pentanedionate decomposes to zirconia contaminated with
carbonaceous residuals under pure nitrogen (Equation 4.1), while it may be
fully oxidized to ZrO2 , CO2 and H2 O under excess oxygen (Equation 4.2).
Although these reactions take place via several intermediate steps 23 , the
overall reactions can be expressed as follows:
Zr(C5 H7 O2 )4 −→ ZrO2 + C-residual + gas phase ↑

(4.1)

Zr(C5 H7 O2 )4 + 24 O2 −→ ZrO2 + 20 CO2 ↑ + 14 H2 O ↑

(4.2)

While similar crack-free microstructures are obtained under both conditions,
the carrier gas has an inuence on lm growth rates, which increase with
increasing oxygen content (Figure 4.4).
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Another elimination mechanism may occur when the ligand itself is a stable
molecule which can be released after cleavage of the metal-ligand bond 24 . In
the case of pentanedionate precursors, hydrolysis can lead to the formation
of 2,4-pentanedione with a boiling point of 140°C:
Zr(C5 H7 O2 )4 + 2 H2 O −→ ZrO2 + 4 C5 H8 O2 ↑

(4.3)

Crack formation only occurs in the simultaneous presence of water and oxygen, where Equations 4.2 and 4.3 are competing and H2 O is found on both
the educt and product side of the reaction. This could favor the stability of intermediate species. Furthermore, it has to be considered that the
pentanedionate precursors may be altered in the dissolved state. The rate
constants for ligand exchange indicate that the pentanedionate complex is
more stable than e.g. the aqua complex 21 , but the ligand exchange mechanisms are very complex 25 . Ligand exchange reactions could occur in the
precursor solution 21,26 or even in the gas phase 27 , thus leading to dierent
reaction mechanisms.
In any case, the chemistry of samples deposited in the presence of water
using either synthetic air or nitrogen is very similar, although cracked microstructures are obtained in the rst case, while crack-free microstructures
are obtained in the latter (XPS measurements in Figure 4.9 and 4.10).
Carbon contaminations are not detected within the thin lms deposited at
450°C. However, preferential removal of carbon and oxygen together with
partial reduction of zirconium has been reported in literature for XPS measurements of YSZ and ZrO2 thin lms after argon sputtering at 3 keV and
5 keV, respectively 28,29 . Such an eect could distort the signicance of the
measurements. On the other hand, carbon remained detectable throughout
Auger or XPS depth proles of ZrO2 thin lms in other studies after sputtering at 4 keV 3032 . This indicates that the eect of argon sputtering can
vary signicantly for dierent sputtering devices. In our case, a reduction
of zirconium or a decrease in the (Zr,Y) to O ratio is not detected. Therefore the C1s measurements do indicate a very low carbon content of the
AA-CVD thin lms. This is also conrmed by DSC/TG measurements of
similar material 13 .
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The C1s signals on the lms' surface at 285.0 eV and 289.2 eV are assigned to
adsorbed saturated hydrocarbons and carbonyl groups 33,34 . The removal of
carbonyl groups can then be correlated with the decrease of the second O1s
signal at 531.8 eV on sputtering. However, this peak still remains within
the thin lms. In the absence of silicon, which was not detected in any of
the lms, a signal at this position may also be assigned to hydroxyl groups
bonded to zirconia 3436 . The presence of hydroxyl groups has already been
reported for ZrO2 thin lms deposited by rapid thermal chemical vapor
deposition at 410-420°C 37 or for Y2 O3 lms deposited by AA-CVD at and
below 500°C 38 , here detected by infrared spectroscopy. However, as both
the samples deposited using synthetic air or pure nitrogen exhibit the same
oxygen signal, this does not seem to inuence crack formation.
Finally, lm shrinkage of up to 7% and 11% was determined on annealing
at 600°C and 1000°C for thin lms deposited at 450°C (Figure 4.11). These
shrinkage values are considered to be quite low. For comparison, DíazParallejo et al. 39 reported a total thickness reduction of sol-gel YSZ lms by
more than 75%. Shrinkage was most pronounced below 300°C, when organic
residuals were removed. Above that temperature, lm thicknesses stayed
constant until a second event occurred between 800°C and 1100°C, which
entailed shrinkage by another 25%. In contrast, the AA-CVD lms show
shrinkage below 5% between annealing at 600°C and 1000°C irrespective of
the deposition atmosphere.

4.5 Conclusions
While continuous, crack-free YSZ layers are deposited by AA-CVD from
2,4-pentanedionate precursors at low (300°C) and high (600°C) substrate
temperatures, mud crack patterns occur in YSZ lms deposited at intermediate temperatures (450°C) under certain conditions. We demonstrate
that crack formation is correlated with the simultaneous presence of oxygen and water during deposition, which may be introduced to the system
by the precursor solution or humid carrier gases, e.g. compressed air. The
formation of cracks at 450°C can be avoided by depositing in a water-free
system using oxygen, nitrogen, or mixtures of both as carrier gas. Here,
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lm growth rates increase to 40 nm/min with increasing oxygen content.
Crack-free microstructures can also be obtained in the presence of water
when pure nitrogen is used as carrier gas.
The addition of water to the precursor solution further inuences lm growth
rates. Using either synthetic air or pure nitrogen as carrier gas, the same
reduced growth rates are obtained for water additions ≥ 1 vol%. This is
correlated with a detrimental inuence of water on the volatility of the
zirconium and yttrium pentanedionates responsible for chemical vapor deposition.
Both cracked and crack-free lms do not show carbon contaminations. On
annealing at 600°C and 1000°C, the AA-CVD lms show signicantly lower
shrinkage rates than other zirconia lms obtained by solution-based deposition techniques.
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5
Precursor decomposition and
microstructure of yttria stabilized
zirconia thin lms prepared by
AA-CVD

Microstructures of yttria stabilized zirconia thin lms deposited by aerosol
assisted chemical vapor deposition (AA-CVD) are correlated with the thermal decomposition behavior of the corresponding metal precursors, zirconium and yttrium 2,4-pentanedionate. Furthermore, process conditions of
AA-CVD are investigated with the aim of producing dense and compact
YSZ thin lms. Based on systematic cross sectional scanning transmission electron microscopy (STEM) investigations, the development of nanoporosity is observed in nanocrystalline samples prepared at temperatures
between 350°C and 600°C under certain conditions. By optimizing the process conditions, more compact columnar or nanocrystalline thin lms are
obtained.
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5.1 Introduction
Zirconia and yttria stabilized zirconia (YSZ) coatings nd broad applications both as structural and functional layers. Due to their high thermal,
mechanical and chemical stability they are used as thermal barrier coatings 1
and protective layers against wear 2 , corrosion 3 , and interface reactions (e.g.
for high temperature superconducting lms 4 ). They have further been suggested as optical coatings 5 and high-dielectric constant materials in microelectronic devices 6 .
The ability of YSZ to conduct oxygen ions further allows its use in electrochemical gas sensors 7 and as electrolytes for anode supported thin lm solid
oxide fuel cells 8,9 and planar micro  solid oxide fuel cells (µ-SOFC) 10 . Such
applications require gas-tight thin lms and low processing temperatures.
However, YSZ thin lms prepared by non-vacuum deposition techniques
often exhibit a signicant degree of porosity. For chemical solution based
methods, this is usually ascribed to the removal of organic components on
annealing. According to Butz et al. 11 , YSZ thin lms obtained by sol-gel
processing contain pores with dimensions similar to the average grain size.
After annealing at 650°C, this corresponds to grain and pore sizes around
5 nm and a porosity of 15.4 vol%. Dense thin lms could only be obtained at
annealing temperatures above 1000°C. For certain grain size to lm thickness ratios, YSZ thin lms have even been reported to break into islands on
annealing to lower the free energy of the system 12 .
According to Wang et al. 13 , all decomposition reactions of zirconium and
yttrium 2,4-pentanedionate are accomplished at 440°C. However, porous
microstructures have also been reported for YSZ thin lms deposited at
500°C by aerosol assisted chemical vapor deposition (AA-CVD) from these
precursors. Using a spray nozzle which periodically scanned the substrate
surface, Amézaga-Madrid et al. obtained alternating layers of dense and
porous material 14,15 . Similar microstructures were also obtained by repeated deposition followed by stand-by times without spraying. However,
it is important to note that typical pore diameters are only few nanometers
in size, which is why porosity can only be detected by scanning transmission
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electron microscopy. As such investigations are scarce, little is known about
the formation of nano-porosity in thin lm samples.
In this study, the inuence of precursor decomposition and AA-CVD process parameters such as the carrier gas ow rate and composition on the
microstructure of as deposited and annealed YSZ thin lms is presented.
The development of porosity in nanocrystalline thin lms is correlated with
the composition of the deposition atmosphere, and lms with more compact
microstructures are obtained by improving the process parameters.

5.2 Experimental
Precursor decomposition:

Decomposition of zirconium and yttrium 2,4-pentanedionate [Zr(acac)4 =
Zr(C5 H7 O2 )4 , 95% purity, ABCR, and Y(acac)3 = Y(C5 H7 O2 )3 , 99.9% purity, Alfa Aesar] was studied by simultaneous thermal analysis applying thermogravimetry (TG) and dierential scanning calorimetry (DSC) (Netsch
STA 449C, DSC/TG) coupled to a mass spectrometer (MS, Balzers Instruments, Thermostar, measurement range up to mass-to-charge m/z=99).
30±3 mg portions of the precursor powders were heated to 1100°C in platinum crucibles at 3 K/min and measured against empty reference crucibles.
A gas ow of 60 ml/min was used for all experiments. To simulate decomposition under owing air, a mixture of argon (79 vol%) and oxygen (21 vol%)
was used. Some measurements were also performed with 100 vol% Ar or
60 vol% O2 + 40 vol% Ar. After reaching the peak temperature, the samples
were cooled down at 10 K/min and subsequently used for correction measurements applying the same experimental conditions as before. This was
used as a background measurement assuming that all decomposition events
had occurred and no further reaction took place in the second step. To
obtain representative data, each DSC experiment was conducted at least
three times.

Thin lm deposition:

For YSZ thin lm deposition by AA-CVD, precursor solutions were prepared by dissolving Zr(acac)4 and Y(acac)3 in pure ethanol (>99.8% purity, A15 Alcosuisse) for most experiments. The total metal concentration
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in the solution was set to either 0.025 M or 0.005 M. The Zr:Y ratio of the
solutions was always 0.80 : 0.20, which results in Zr:Y ratios of 0.84 : 0.16
(8YSZ) in the thin lms 16 . The precursor solutions were nebulized in a
custom-made spray setup as described previously 16 and transported to a
heated substrate using mixtures of bottled O2 and N2 (Pangas, Switzerland,
99.999% and 99.995% purity) as carrier gas. The total ow rate was always
4 Nl/min. Some YSZ thin lms were also deposited using dierent solvents
(50 vol% ethanol + 50 vol% heptane, Brenntag Schweizerhall AG) or a dierent zirconium precursor (zirconium 2,2,6,6-tetramethyl 3,5-heptanedionate
Zr(tmhd)4 , 99% purity, Strem Chemicals). Depositions were conducted on
<100> oriented silicon wafers (ABC, Germany, 500µm thickness) at substrate temperatures between 300 and 600°C. After deposition, some thin
lms were annealed in a mue furnace at 600°C with heating and cooling
rates of 3 K/min and a holding time of 20 h in air.
YSZ thin lm material deposited by AA-CVD was also studied by simultaneous thermal analyses applying the measurement conditions described above.
For the STA measurements, YSZ was deposited on sapphire substrates at
450°C from precursor solutions of Zr(acac)4 and Y(acac)3 in ethanol with
a total metal content of 0.025 M using 25 vol% O2 + 75 vol% N2 as carrier
gas. After 1 h of deposition, the YSZ lm was scratched o the substrate
as a powder and collected until sample portions between 14 and 48 mg were
obtained for analysis.
Transmission electron microscopy (TEM) investigations were performed on
cross-sectional thin lm samples deposited on silicon using a FEI Tecnai
F-30 (eld emission gun) with an accelerating voltage of 300 kV and postcolumn CCD camera. Most images were taken in the high-angle annular
dark-eld (HAADF) scanning transmission electron microscopy (STEM)
mode. High-resolution scanning transmission electron microscopy was done
on a Cs -corrected Hitachi HD-2700 microscope operated at 200 kV with a
cold FEG and a point to point resolution of 0.14 nm in dark-eld mode. A
traditional cross sectional sample preparation technique based on polishing,
dimpling and ion milling (Gatan precision ion polishing system at 4 keV and
4° angle of incidence from top and bottom) was applied.
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m/z
15
18
43
44
58
85
Table 5.1:

terpretation.

assigned molecule
CH+
3
H2 O+
CH3 CO+
CO+
2
C3 H6 O+
C4 H5 O+
2

parent molecule
H2 O
acetone or 2,4-pentanedione
CO2
acetone
2,4-pentanedione

Mass spectral peaks measured in this study and their in-

5.3 Results and Discussion
5.3.1

Simultaneous thermal analyses of pentanedionate precursors and
YSZ deposited by AA-CVD

In this section, the decomposition behavior of bulk Zr(acac)4 and Y(acac)3
is studied and compared to that of YSZ thin lm material prepared by
AA-CVD from the same precursors.
Simultaneous thermal analysis is generally applied to study decomposition
of non-volatile metal precursors as a function of temperature 17 , or to determine temperature and degree of sublimation of highly volatile metal precursors used in traditional CVD 18,19 . In the rst case, the temperature
dependence of mass loss, exothermic and endothermic reactions, and the
evolution of gaseous product molecules allow a detailed interpretation of
decomposition reactions and phase stabilities, e.g. for powder or thin lm
preparation by pyrolysis or sol-gel synthesis. In the second case, highly
volatile precursors are transferred to the gas phase on heating, and the degree of sublimation as well as the stability of volatile metal species can be
determined. Although Zr(acac)4 and Y(acac)3 are used as volatile AA-CVD
precursors in this study, end masses close to those calculated for decomposition to the corresponding oxides are obtained by STA (Figure 5.1). This
indicates that the volatile metal species formed at elevated temperatures
are rather instable and decompose further before leaving the measurement
crucible. The decomposition reactions of Zr(acac)4 and Y(acac)3 can thus
be assessed.
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Upon decomposition of Zr(acac)4 under owing air, the most intense mass
spectral peaks detected are m/z = 15, 18, 43, 44 and 58 (except for signals
representing the atmosphere). In the given context, these mass peaks are
+
+
+
+
assigned to the ions CH+
3 , H2 O , CH3 CO , CO2 , and C3 H6 O , which
indicate the presence of CO2 , H2 O, acetone, and/or pentanedione in the gas
phase 2022 (Table 5.1). These channels were selected for coupled DSC/ TG/
MS measurements as a function of temperature. To be able to dierentiate
pentanedione from acetone, m/z=85 was also recorded.
To decompose a precursor to a clean metal or metal oxide, all remaining ligand parts have to be transferred to a stable gas phase, which is transported
away from the growth surface 23,24 . This may be achieved under excess oxygen, where Zr(acac)4 or Y(acac)3 form their metal oxides, CO2 and H2 O,
e.g.:
Zr(C5 H7 O2 )4 + 24 O2 −→ ZrO2 + 20 CO2 ↑ + 14 H2 O ↑ .

(5.1)

Figure 5.1a shows the results of decomposition of Zr(acac)4 under owing
air. The precursor is stable up to 180°C, above which an endothermic reaction (onset 188°C) occurs. This temperature is in good agreement with
the melting point of 184-186°C specied by the provider. Melting is closely
followed by mass loss (onset 195°C) and peaks around 210°C in all recorded
mass spectrometry signals. In this event, the Zr(acac)4 precursor releases
not only CO2 (g) and H2 O(g) , but also fragments indicating the presence
of pentanedione (m/z=43, 85). According to Stryckmans et al. 25 , the formation of pentanedione is correlated with the formation of volatile metal
species in the decomposition of Mg(acac)2 . As a similar behavior has also
been reported for Y(acac)3 22 , the formation of volatile zirconium species is
expected at this point.
Decomposition continues with mass loss, exothermic reactions, and mass
spectrometry signals with peak temperatures around 310°C. In this regime,
the euents contain mainly CO2 and H2 O. Larger organic molecules are not
detected above 300°C. A third event with peak temperatures around 415°C
can be identied by another exothermic reaction corresponding to mass loss
and the mass spectrometry signals of CO2 and some H2 O. Although a weak
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Figure 5.1:

Decomposition of a) Zr(acac)4 and b)Departement/Institut/Gruppe
Y(acac)3 under owing air. DSC/TG (top) and MS signals
of dierent ions (bottom). The MS signal of m/z=15 always occurs parallel to that of m/z=43, and is not
plotted for simplication.
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CO2 signal is measurable up to 650°C, no further mass loss is detected by
thermogravimetry above 550°C (Figure 5.2a).
At this temperature the end mass is reached, which is roughly 1% lower
than the 25.3% expected for the reaction from stoichiometric Zr(C5 H7 O2 )4
(M=487.65 g/mol) to ZrO2 (M=123.22 g/mol). This dierence may be due
to the low purity of the zirconium precursor (95%). In addition, the formation of thin lms with golden interference colors is observed on the outside
of the platinum crucibles and on the oven ware. This arms the formation
of a volatile zirconia phase, and some material may have been lost to the
gas phase during heating.
Decomposition of Zr(acac)4 was also conducted in an oxygen enriched atmosphere (60 vol% O2 + 40 vol% Ar, not shown). This does not change the
decomposition behavior, and the same results were obtained as described
above. This indicates that decomposition takes place under excess oxygen
in both cases.
Furthermore, decomposition of Zr(acac)4 under pure argon was studied (not
shown). In inert gas, decomposition is very similar to that under air up to
250°C. Above that temperature, further mass loss takes place up to 550°C
correlated with the release of CO2 and H2 O, but a residual mass of almost
40% remains even after heating to 1100°C. The resulting material is a black,
foamy mass, while white powders are obtained under air and oxygen-rich
atmosphere.
In thermal decomposition of Zr(acac)4 or Y(acac)3 in an inert atmosphere
or under vacuum, oxygen ions may be obtained from the ligands resulting in
the formation of ZrO2 or Y2 O3 . However, the remaining ligand parts cannot
be transformed to the gas phase completely in the absence of oxidants, and
a carbonaceous residue remains in the solid product 26,27 :
Zr(C5 H7 O2 )4 −→ ZrO2 + C-residue + gas phase ↑ .

(5.2)

Ismail et al. have studied the decomposition of dierent metal 2,4-pentanedionates in inert atmosphere by simultaneous thermal analyses 28,29 . Decomposition is reported to take place via metal acetates, metal carbonates,
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Figure 5.2:

Details of end product formation in the decomposition of a) Zr(acac)4 and b) Y(acac)3 : sample
mass and CO2 formation.
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and several intermediate phases. For thermal decomposition of Zr(acac)4 in
a dynamic atmosphere of nitrogen, a reaction pathway via Zr(acac)2 (ac)2 ,
Zr(OH)(ac)3 , ZrO(ac)2 and ZrOCO3 is suggested, before ZrO2 is formed
at 800°C 30 . In our DSC/TG/MS experiments, however, decomposition of
Zr(acac)4 in an inert atmosphere of argon does not produce pure ZrO2 with
an end mass of 25.3%, but black material of 40 mass%, which is ascribed
to carbon contamination. This suggests that some air leakage may have
been present in the experiments conducted by Ismail 30 , leading to slow,
but complete oxidation.
Figure 5.1b shows the decomposition of Y(acac)3 to Y2 O3 in a dynamic
atmosphere of air.
This compound contains adsorbed water, and mass loss coupled to a MS
signal of m/z=18 is detected right above room temperature. Above 100°C,
all other recorded species can also be measured in the euents, and two
peaks are detected around 110 and 120°C in all MS curves. This indicates
that decomposition of the yttrium pentanedionate molecule already starts
at this point. These events correspond to a mass loss of 15% between 50
and 175°C, and the melting point is not accurately dened. Further mass
loss accompanied by MS signals of m/z=18, 44, 15, and 43 occurs between
200 and 300°C. The formation of pentanedione represented by signals of
m/z=58 and 85, however, is not detected in this temperature range. This
indicates an early decomposition of the pentanedionate structure in oxidizing atmospheres. Above 300°C, only CO2 and H2 O signals remain. At
373°C, a strong exothermic peak corresponding to a release of CO2 and
H2 O is detected. This is followed by a weaker second exothermic reaction
around 460°C. Between 550 and 700°C, a stable phase of 30 to 31 mass%
is identied, which decomposes to the end product at 725°C by the release
of CO2 . This is correlated with mass loss of approximately 2% between
700 and 800°C (Figure 5.2b). Metal-organic yttrium precursors are known
to decompose via the formation of carbonates and oxide-carbonates (especially Y2 O2 CO3 ) 3133 . The corresponding material in our study, however,
has a lower carbon content than stoichiometric Y2 O2 CO3 (34 mass%). We
therefore assume the presence of a mixture of Y2 O2 CO3 and Y2 O3 at these
temperatures, which decomposes to Y2 O3 (28.6 mass%) after a last release of
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Figure 5.3:

CO2 around 725°C. Decomposition of yttrium pentanedionate is completed
shortly above 800°C. Based on the residual mass, a start composition of
Y(acac)3 + 0.5 H2 O is suggested, which forms Y2 O3 with an end mass of
28.6%.
Simultaneous thermal analyses were also performed on YSZ deposited by
AA-CVD at 450°C from Zr(acac)4 and Y(acac)3 . As shown in Figure 5.3, a
weight loss of 4% occurs below the deposition temperature of 450°C. This
corresponds to a mass loss of 2.5% below 250°C caused by the continuous
release of H2 O, and a mass loss of 1.5% caused by the release of CO2 and
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H2 O between 250°C and 450°C. The release of CO2 is correlated with an
exothermic signal at 375°C. While the loss of H2 O may be due to adsorbed
surface water on the AA-CVD powder, the release of CO2 around 375°C
indicates that the material deposited at 450°C for the STA experiments was
not in thermal equilibrium. Carbon contamination in YSZ thin lms of few
hundred nanometers is expected to be lower due to shorter deposition times.
In contrast to the decomposition of precursor powders, no further signals
are detected above 450°C. YSZ prepared by AA-CVD therefore shows a
dierent decomposition behavior than the corresponding metal precursors,
and no signicant carbon contaminations are expected in the thin lms
deposited at 450°C.

5.3.2

AA-CVD thin lms

Deposition at 350°C and 450°C
YSZ thin lms were rst deposited from 0.025 M precursor solutions of
Zr(acac)4 + Y(acac)3 in ethanol using 25 vol% O2 + 75 vol% N2 as carrier
gas. This gas composition is denoted as synthetic air in the following. Under these conditions, lm growth was achieved at substrate temperatures
of 350°C and higher. No lms were obtained at 300°C even after 200 min
of deposition. However, lms could already be deposited at 300°C with the
same setup using compressed air instead of synthetic air 16 . A similar observation has been reported for metal organic CVD of Zr(acac)4 by Kim et
al. 26 , who observed long incubation times at low deposition temperatures
under O2 + Ar as compared to deposition under O2 + Ar + H2 O. This suggests that the uncontrolled humidity of compressed air is responsible for
the dierent minimal deposition temperatures. In both cases, the temperature range for AA-CVD starts well below the end point of decomposition
determined for the metal precursors. According to simultaneous thermal
analyses under owing air, 9 mass% of organic material remain at 350°C for
decomposition of Zr(acac)4 , while almost 30 mass% remain for Y(acac)3 .
Figure 5.4 shows HAADF-STEM cross sectional images of thin lms deposited at substrate temperatures of 350°C and 450°C at growth rates of
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Inuence of deposition temperature on microstructure of
as-deposited and annealed YSZ thin lms. AA-CVD at a) 350°C and
Dienstag, 8. November 2011
Departement/Institut/Gruppe
b) 450°C from precursor solutions of 0.025 M Zr(acac)4 + Y(acac)3 using
synthetic air (HAADF-STEM). The corresponding microstructures after
annealing at 600°C are shown in c) and d).
Figure 5.4:

mber 2011
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2 nm
Nano-porosity in a YSZ thin lm as deposited at 450°C
from a precursor solutions of 0.025 M Zr(acac)4 + Y(acac)3 using synthetic air (high-resolution STEM).

Figure 5.5:

Departement/Institut/Gruppe
2 nm/min and 30 nm/min, respectively.
In these images, the signal intensity
is determined by the atomic number Z of the sample material and the thickness of the TEM specimen 34 . Yttria stabilized zirconia therefore exhibits
high brightness in the HAADF-STEM images, while vacuum appears black.

In the STEM cross sections, both lms appear homogeneous and crackfree after deposition (Figure 5.4 a, b). After annealing at 600°C, however, a
porous microstructure with grain and pore sizes in the range of 5 to 10 nm is
observed for both deposition temperatures (Figure 5.4 c, d). This porosity
is homogeneously distributed over the whole lm thickness. High-resolution
STEM imaging (Figure 5.5) of the sample deposited at 450°C reveals that
a very ne porosity with grain and pore diameters in the range of 2 to 3 nm
is already present after deposition. Furthermore, lattice planes of nanocrystalline YSZ can be discerned. On annealing at 600°C, both pores and
grains present in the as-deposited sample grow and are then also detectable
by STEM imaging at lower magnication.
This situation diers from the development of porous microstructures typical for precipitation based thin lms, which contain a signicant amount of
organic material after deposition. On pyrolysis, a large volume fraction of
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Figure 5.6:

this precursor lm is eliminated. This leads to an irregular, porous array
of very small (2 nm) crystallites immediately after crystallization, which
requires further heating for densication 35 . While porosity in precipitation based thin lms develops during heat treatments following deposition,
porosity in our AA-CVD lms is already present in the as-deposited material. Furthermore, very similar microstructures are obtained for deposition
at 350°C and 450°C. If porosity
was due to the removal of organic
mate50nm
50nm
+600°C, 20h
+600°C, 20h
rial on annealing, the thin lm deposited at 350°C should show increased
porosity as compared to the material deposited at a higher temperature.
Freitag, 29. Juli 2011
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Choice of carrier gas
To study the inuence of carrier gas composition on YSZ microstructure, lms were then deposited at 450°C using pure oxygen (growth rate
42 nm/min) and pure nitrogen (12 nm/min) as carrier gas. As shown in
Figure 5.6, nano-porous microstructures with grain and pore sizes very similar to those deposited under synthetic air are obtained. It is interesting to
note that YSZ thin lms can also be deposited using pure nitrogen as carrier
gas, although thermal decomposition of Zr(acac)4 under inert gas leads to
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Inuence of water addition and precursor type on microstructure of annealed YSZ thin lms. AA-CVD at 450°C in synthetic
Freitag, 28. Oktober 2011
Departement/Institut/Gruppe
air using a) 0.025 M Zr(acac)4 + Y(acac)3 in ethanol with 3 vol% H2 O,
and b) 0.005 M Zr(tmhd)4 + Y(acac)3 in ethanol + heptane.
Figure 5.7:

black, highly carbon contaminated material. CVD thin lms deposited in
the absence of oxidants are also often reported to have a black appearance
due to contamination by adventitious free carbon 21,25,27 . Using our open,
non-vacuum AA-CVD system, however, a blackening of thin lms is not
observed. However, it is possible that some oxygen from the ambient air
contributes to this reaction as lm growth takes place in an open system.
As reported in a previous work 36 , YSZ thin lms deposited at 450°C in
the simultaneous presence of water and oxygen form at reduced growth
rates and exhibit cracks. As shown in Figure 5.7 a, porosity develops
also in lms deposited from precursor solutions of 3 vol% water under
synthetic air at a growth rate of 6 nm/min. Similar nano-porous microstructures are further obtained for YSZ thin lms deposited at 450°C
from Zr(acac)4 + Y(acac)3 precursor solutions of dierent metal concentration (0.005 M vs. 0.025 M) and dierent solvent (pure ethanol vs.
ethanol + heptane) (not shown). Even after exchanging the zirconium
precursor Zr(acac)4 by Zr(thmd)4 (metal concentration 0.005 M, solvent
ethanol + heptane, growth rate 7 nm/min) no microstructural changes are
observed (Figure 5.7 b).
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For deposition temperatures of 450°C and below, the development of porosity in AA-CVD lms is therefore not directly inuenced by lm growth
rates, which vary between 2 nm/min for deposition at 350°C and 40 nm for
deposition under pure oxygen at 450°C.

Deposition at 600°C
YSZ thin lms were also deposited at a substrate temperature of 600°C.
According to our previous ndings 16 , the microstructure of YSZ thin lms
deposited at this temperature depends on the metal content of the precursor
solution. While randomly oriented nanocrystalline material is obtained for
fast deposition from 0.025 M solutions, columnar material with preferred
(111) orientation results from slower deposition using 0.005 M solutions.
The microstructure of thin lms deposited at 600°C is therefore strongly
inuenced by growth rates. As shown in Figure 5.8, the nanocrystalline
material obtained at 600°C from 0.025 M precursor solutions at a growth
rate of of 55 nm/min features a granular microstructure and exhibits pores.
Deposition from precursor solutions of low metal content at a growth rate
of 9 nm/min yields skewed, but columnar material both before and after
annealing (Figure 5.8 b). While a few pores are present along the grain
boundaries also in this sample, the overall microstructure is quite compact.
The columnar microstructures have a higher surface roughness than the
nanocrystalline samples and show undulations of 10 to 20 nm.
As reported previously 16 , lm growth is limited by diusion of gaseous precursors and reaction by-products through a boundary layer at 600°C, while
it is limited by surface reactions (adsorption, surface diusion, chemical
reactions, desorption) at 450°C for 0.025 M solutions. However, the development of nanocrystalline microstructures is observed in both regimes
(Figure 5.4d versus Figure 5.8a). This may be explained by changes in the
nucleation and growth kinetics during chemical vapor deposition 37 . In substrate heated AA-CVD, droplets of the precursor solution are transported
towards the deposition zone, where both solvent and precursors are evaporated. Then the metal precursors adsorb on the substrate or growth surface,
where they eventually decompose. At increased substrate temperatures, the
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lution of a) 0.025 M and b) 0.005 M Zr(acac)4 + Y(acac)3 using synthetic
air.
Figure 5.8:

adsorbed metal precursor may diuse to energetically favorable positions on
the substrate before decomposition, thus leading to the growth of existing
crystallites. At lower substrate temperatures or at fast growth rates, however, surface diusion is inhibited, and crystal nuclei are formed where the
metal precursor rst impinges on the growth surface.

Intermitted deposition
In an attempt to increase the compactness of nanocrystalline YSZ, thin lms
were deposited by alternating short deposition periods with intermission
times, in which the ultrasonic nebulizer was switched o and the substrate
remained on the hot plate. This method of deposition is referred to as intermitted deposition. Using solutions of high metal concentration (0.025 M) at
450°C or 600°C, deposition times of 1 min, and intermission times of 9 min,
this results in layered microstructures of dense and porous material (Figure
5.9). During one deposition period at a substrate temperature of 600°C
(Figure 5.9 b), a dense layer of approximately 15 nm thickness is deposited
rst, which is then covered by nano-porous material of approximately 35 nm
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b) 4 times 1 min spraying, 9 min pause at 600°C .
Figure 5.9:

thickness. At 450°C, the rst layer is thinner and not as dense as at 600°C.
To further enhance the density of YSZ thin lms, intermission times were
then increased to 20 min at 450°C, and deposition periods were decreased
to 15 s. As shown in Figure 5.10 a, this leads to a signicant decrease of the
porous material for substrate temperatures of 450°C, and alternating layers
of dense and porous material of similar thickness (5 nm) are obtained. A
similar eect is also observed for the rst deposition cycles from 0.025 M
solutions at 600°C, where dense layers of approximately 10 nm are obtained
(Figure 5.10 b). However, deposition gradually switches to columnar lm
growth after two or three layers, thus leading to microstructures similar to
those of deposition from 0.005 M solutions in the upper part of the thin lm.
This demonstrates that the deposition of a nanocrystalline microstructure
does not necessarily lead to the formation of porous microstructures. Dense,
granular layers are obtained at the beginning of each deposition cycle by
intermitted deposition. Before deposition, the atmosphere above the heated
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Figure 5.10: Microstructure of annealed YSZ thin lm obtained by
enhanced
intermitted deposition of a 0.025 M solution
using synthetic
Mittwoch, 7. September 2011
Departement/Institut/Gruppe
air. a) 16 times 15 s spraying, 20 min pause at 450°C and b) 12 times
15 s spraying, 10 min pause at 600°C.

substrate is determined by the carrier gases. When deposition starts, evaporated solvent and metal precursor molecules as well as gaseous reaction
by-products are added to this atmosphere. Dense layers are obtained at the
beginning of each deposition cycle, where the carrier gases are still dominant. The formation of porosity may therefore be inuenced by changes in
the deposition atmosphere. According to Hubert-Pfalzgraf and Guillon 38 ,
the partial pressure of carbon dioxide generated by the decomposition of
solvents and/or precursors often limits the growth rates of AA-CVD lms.
This suggests that the decomposition of ethanol also inuences the desorption and eusion of CO2 and H2 O produced by the decomposition of
metal precursors, which then leads to the incorporation of porosity into the
thin lms. As a consequence, granular microstructures of higher density
can be obtained at 450°C by intermitted deposition with very short spray
sequences, e.g. 15 s, and suciently long intermission times, e.g. 20 min
(Figure 5.10).

25% O2 + 75% N2
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Reduction of nebula ow
Furthermore, the microstructure of YSZ thin lms deposited at 450°C is
expected to improve by reducing the aerosol ow to the substrate. This
situation is dierent to that of reduced growth rates mentioned above, e.g.
2 nm/min at 350°C or 6 nm/min
at 450°C in the presence of water,
which
50nm
50nm
+600°C, 20h
+600°C, 20h
are caused by slow surface reactions at 350°C or the lack of volatile metal
species in the presence of water. For standard deposition conditions, a
carrier gas ow of 4 l/min is applied through the
nebulizer chamber, and
Dienstag, 8. November 2011
Departement/Institut/Gruppe
the average solution throughput is always 2.5 ml/min on average 16 . The
amount of evaporated solvent (ethanol) is therefore similar for slow and fast
deposition rates, because the amount of droplets produced by the ultrasonic
nebulizer is constant for one type of solvent.
Therefore, the carrier gas ow through the nebulizer chamber was signicantly reduced to reduce the solution throughput. On the way to the deposition zone, this nebula was then mixed with an additional gas ow (director
gas) to obtain a total ow of 4 l/min as for the other experiments. With this
procedure, the average solution throughput could be reduced to 0.2 ml/min
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or even 0.02 ml/min using a carrier gas ow of 0.25 l/min or 0.05 l/min, and
a director gas ow of 3.75 l/min or 3.95 l/min, respectively. Under these
conditions, YSZ lms were deposited from precursor solutions of high metal
content at 2 nm/min or 0.14 nm/min, respectively. As shown in Figure 5.11,
the reduction of growth rates by the reduction of aerosol ow to the deposition surface indeed has an inuence on the porosity of thin lms deposited
at 450°C. Compared to the samples discussed previously, the porosity of
samples deposited at a solution throughput of 0.2 ml/min and 0.02 ml/min
is gradually reduced.
The formation of porosity in AA-CVD thin lms is therefore mainly inuenced by the deposition temperature, precursor concentration, and nebula
ow to the substrate, which altogether inuence the deposition atmosphere
right above the thin lm.

5.4 Summary and Conclusions
The thermal decomposition behavior of zirconium and yttrium 2,4-pentanedionates diers signicantly from that of YSZ material deposited by AACVD from the same precursors. While decomposition products (CO2 ) are
detected up to 650°C and 800°C for Zr(acac)4 and Y(acac)3 , respectively,
the AA-CVD material does not release any euents above its deposition
temperature of 450°C.
On the other hand, porosity is incorporated in AA-CVD thin lms during deposition using a carrier gas ow of 4 l/min. This is correlated with
the desorption of product gases during lm growth. Porosity can be reduced by decreasing the precursor concentration at 600°C, thus leading to
reduced growth rates while the amount of incoming nebula is kept constant.
At 450°C, however, where desorption kinetics are limited, the reduction of
growth rates by decreasing the precursor concentration does not prevent the
formation of pores. Here, the amount of solvent molecules in the deposition
atmosphere should be reduced, either by intermitted deposition with suciently long intermission times, or by a signicant reduction of the nebula
ow. By optimizing the process parameters, compact YSZ thin lms of
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both nanocrystalline and columnar microstructures can thus be obtained
by AA-CVD.

Acknowledgements
The authors thank the Electron Microscopy Center of ETH Zurich (EMEZ)
for support and the use of their TEM facilities. Financial support from the
Swiss National Science Foundation project CRSI22-126830 and the KoreanSwiss Science and Technology Cooperation is gratefully acknowledged.

References
1. D. R. Clarke, C. G. Levi. Annu. Rev. Mater. Res. 33 (2003) 383417.
2. T. Yamashita, G. L. Chen, J. Shir, T. Chen. IEEE Trans. Magn. 24
(1988) 26292634.
3. R. López Ibáñez, F. Martín, J. R. Ramos-Barrado, D. Leinen. Surf.
Coat. Tech. 202 (2008) 24082412.
4. J. M. Phillips. J. Appl. Phys. 79 (1996) 18291848.
5. C. G. Granqvist, A. Azens, A. Hjelm, L. Kullman, G. A. Niklasson,
D. Rönnow, M. Strømme Mattsson, M. Veszelei, G. Vaivars. Solar
Energy 63 (1998) 199216.
6. G. D. Wilk, R. M. Wallace, J. M. Anthony. J. Appl. Phys. 89 (2001)
52435275.
7. U. Guth, W. Vonau, J. Zosel. Meas. Sci. Tech. 20 (2009) 042002.
8. H.-S. Noh, J.-W. Son, H. Lee, H.-S. Song, H.-W. Lee, J.-H. Lee. J.
Electrochem. Soc. 156 (2009) B1484B1490.
9. T. Van Gestel, D. Sebold, W. A. Meulenberg, H.-P. Buchkremer. Solid
State Ionics 179 (2008) 428437.
10. A. Evans, A. Bieberle-Hütter, J. L. M. Rupp, L. J. Gauckler. J. Power
Sources 194 (2009) 119129.

106

REFERENCES

11. B. Butz, H. Stoermer, D. Gerthsen, M. Bockmeyer, R. Krueger, E. IversTiee, M. Luysberg. J. Am. Ceram. Soc. 91 (2008) 22812289.
12. K. T. Miller, F. F. Lange, D. B. Marshall. J. Mater. Res. 5 (1990)
151160.
13. H. B. Wang, C. R. Xia, G. Y. Meng, D. K. Peng. Mater. Lett. 44 (2000)
2328.
14. P. Amézaga-Madrid, W. Antúnez-Flores, I. Monárrez-García,
J. González-Hernández, R. Martínez-Sánchez, M. Miki-Yoshida.
Thin Solid Films 516 (2008) 82828288.
15. P. Amezaga-Madrid, W. Antunez-Flores, J. Gonzalez-Hernandez,
J. Saenz-Hernandez, K. Campos-Venegas, O. Solis-Canto, C. OrnelasGutierrez, O. Vega-Becerra, R. Martinez-Sanchez, M. Miki-Yoshida. J.
Alloy. Comp. 495 (2010) 629633.
16. M. V. F. Schlupp, M. Prestat, J. Martynczuk, J. L. M. Rupp,
A. Bieberle-Hütter, L. J. Gauckler. J. Power Sources 202 (2012) 4755.
17. A. K. Galwey, M. E. Brown. Thermal Decomposition of Ionic Solids,
Studies in Physical and Theoretical Chemistry, volume 86. Elsevier
(1999).
18. M. Leskelä, L. Niinistö, E. Nykänen, P. Soininen, M. Tiitta. Thermochim. Acta 175 (1991) 9198.
19. H. Song, Y. Jiang, C. Xia, G. Meng, D. Peng. J. Cryst. Growth 250
(2003) 423430.
20. J. D. B. Smith, D. C. Phillips, T. D. Kaczmarek. Microchem. J. 21
(1976) 424437.
21. M. C. Rhoten, T. C. DeVore. Chem. Mater. 9 (1997) 17571764.
22. G. Alarcón-Flores, M. Aguilar-Frutis, M. García-Hipolito, J. GuzmánMendoza, M. Canseco, C. Falcony. J. Mater. Sci. 43 (2008) 35823588.
23. T. T. Kodas, M. J. Hampden-Smith. Overview of Metal CVD. The
Chemistry of Metal CVD. Wiley-VCH Verlag GmbH (1994).

107

REFERENCES

24. F. Maury. J. Phys. IV France 05 (1995) C5449C5463.
25. O. Stryckmans, T. Segato, P. H. Duvigneaud. Thin Solid Films 283
(1996) 1725.
26. J. S. Kim, H. A. Marzouk, P. J. Reucroft. Thin Solid Films 254 (1995)
3338.
27. V. G. Varanasi, T. M. Besmann, R. L. Hyde, E. A. Payzant, T. J.
Anderson. J. Alloy. Comp. 470 (2009) 354359.
28. H. M. Ismail. J. Anal. Appl. Pyrol. 21 (1991) 315326.
29. G. A. M. Hussein, H. M. Ismail. Powder Tech. 84 (1995) 185190.
30. H. M. Ismail. Powder Tech. 85 (1995) 253259.
31. G. A. M. Hussein. Thermochim. Acta 244 (1994) 139151.
32. K. K. Bamzai, S. Kumar. Mater. Chem. Phys. 107 (2008) 200207.
33. A. Mercandante, M. Ionashiro, L. C. S. De Oliveira, C. A. Ribeiro,
L. M. D'Assunção. Thermochim. Acta 216 (1993) 267277.
34. D. B. Williams, C. B. Carter. Transmission electron microscopy,
ing, volume III. Springer, New York (1996).

Imag-

35. F. F. Lange. Science 273 (1996) 903909.
36. M. V. F. Schlupp, S. Binder, J. Martynczuk, M. Prestat, L. J. Gauckler.
Submitted to Thin Solid Films (2012) .
37. K. L. Choy. Prog. Mater Sci. 48 (2003) 57170.
38. L. G. Hubert-Pfalzgraf, H. Guillon. Appl. Organomet. Chem. 12 (1998)
221236.

6
Inuence of microstructure on the
cross-plane oxygen ion conductivity of
yttria stabilized zirconia thin lms

The electrical cross-plane conductivity of 8 mol% yttria stabilized zirconia
thin lms prepared by dierent deposition techniques, namely aerosol assisted chemical vapor deposition, wet spray pyrolysis, and pulsed laser deposition, is correlated with their microstructure. Depending on deposition
technique and process conditions, microstructures ranging from amorphous
to randomly oriented nanocrystalline or columnar with preferred (111) orientation are obtained. Cross-plane AC impedance measurements of these
thin lms show that the oxygen ion conductivity of randomly oriented nanocrystalline samples is determined by the grain boundaries, which are partially blocking in nature. In columnar microstructures, the conductivity is
determined by ionic transport through the grains only. The same conduction behavior is found for amorphous and randomly oriented microstructures
with grain sizes between 3 and 9 nm, indicating that no true size eects occur in 8 mol% yttria stabilized zirconia.

Published in similar form in:
M. V. F. Schlupp, B. Scherrer, H. Ma, J. G. Grolig, J. Martynczuk, M. Prestat, and L. J.
Gauckler, Phys. Status Solidi A, DOI 10.1002/pssa.201228248(2012).
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6.1 Introduction
Most studies on the ionic transport properties of polycrystalline yttria stabilized zirconia (YSZ) report that nanocrystalline samples exhibit signicantly
lower total conductivities than microcrystalline samples 19 . This eect of
partial blocking at grain boundaries in highly pure YSZ has been related to
the large number of displaced atoms, which entails an electrical distortion.
According to the space charge layer concept, grain boundaries in zirconia are
considered as regions where oxygen vacancies are enriched. This positively
charged grain boundary core is electrically compensated by acceptor accumulation and oxygen vacancy depletion in two adjacent space-charge layers.
The space charge layers are electrically resistive in nature, thus hindering
oxygen ion transport from grain to grain 14,7,1012 . According to this concept, neighboring space-charge layers should overlap below a certain grain
size, and defect densities would no longer approach the bulk value even at
the center of grains. This would lead to distinctively dierent electrical
properties 11 in the so-called true size eect, which has been predicted for
YSZ at grain sizes below 5 nm 8 . However, acceptor accumulation, that is
yttrium segregation in YSZ, is not always present in nanocrystalline samples
showing a grain boundary blocking eect 5 , and conductivity measurements
of YSZ with a grain size below 10 nm have not yet been reported.
The grain and grain boundary contributions of oxygen ion conducting
polycrystalline ceramics can be separated using electrochemical impedance
spectroscopy. Modeling of the data is generally done applying the brick
layer model as developed by Bauerle 13 and later rened by Van Dijk and
Burggraaf 10 . The resulting grain-boundary conductivity in YSZ is usually
approximately 2 orders of magnitude lower than that of the grains 15,7,8 ,
while its activation energy is higher 1,5,10,12 . Although some researchers
nd the specic grain boundary conductivity to be independent of grain
size 1,4,5,7 , others have reported it to increase with decreasing grain size 3,11 .
Grain core conductivities have also been reported to be independent of
grain size below 100 nm by some groups 4 , while others found them to decrease with decreasing grain size 3,7 . Furthermore, the brick layer model has
been shown to produce physically unrealistic results for nanocrystalline microstructures, when the grain size approaches the electrical grain boundary
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thickness 14 . The relations between microstructure and electrical properties
of nanocrystalline zirconia are thus still not comprehensively understood,
and contradictory results are commonly found in literature.
Enhanced ionic transport properties of nanocrystalline YSZ have also been
reported, especially for thin lm samples 1521 . However, these thin lm
measurements have been performed using an in-plane electrode geometry,
which can introduce measurement artifacts when materials of relatively low
conductivity like YSZ are studied. Due to their geometry, thin lms are
susceptible to free surface eects and lm-substrate interactions 8,22,23 . "Illusional" nano-size eects due to electrical current leakages through leads
and substrates have been reported to lead to signicantly enhanced apparent conductivities 24,25 . Even with single crystal sapphire substrates, reliable conductivity measurements can only be obtained using long and thin,
closely spaced electrodes 9 . Furthermore, the very large surface/volume ratio of thin lms makes them susceptible to the inuence of humidity 8,22
that might induce surface transport phenomena.
Conductivity measurements on bulk samples have therefore been deemed
more reliable than thin lm measurements 8 . On the other hand, thin lms
have several advantages over bulk samples. They allow the preparation
of both randomly oriented and columnar nanocrystalline microstructures.
While the large surface to thickness ratio may be unfavorable for in-plane
measurements, where stray capacitances inuence the measurement even
on insulating substrates 9 , this is of advantage in cross-plane measurements.
The cross-plane geometry is also more realistic, because current ows perpendicular to the lm plane in most applications, e.g. in micro  solid oxide fuel cells 2634 . In literature, only few studies on cross-plane measurements have been reported up to now, and all of them were done on YSZ
thin lms with columnar microstructures 30,35,36 . To avoid short circuits
through pinholes, rather high lm thicknesses between 500 nm and 1.5 µm
were used 35,36 .
In this study, cross-plane conductivity measurements are performed on both
(111) textured columnar and randomly oriented nanocrystalline 8 mol Y2 O3
stabilized zirconia (8YSZ) thin lms with column diameters of 1020 nm
and grain sizes between 3 nm and 13 nm, respectively. Reproducible results
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are obtained for YSZ samples of 220-600 nm thickness deposited by both
physical and chemical thin lm methods.

6.2 Experimental
Thin Film Deposition

For YSZ thin lm deposition by aerosol assisted chemical vapor deposition
(AA-CVD), precursor solutions were prepared by dissolving zirconium and
yttrium 2,4-pentanedionate (95% purity, ABCR and 99.9% purity, Alfa Aesar, respectively) in pure ethanol (>99.8% purity, A15 Alcosuisse) at total
metal concentrations of 0.025 M or 0.005 M. The Zr:Y ratio of the solutions
was set to 80 : 20 to obtain Zr:Y ratios of 84 : 16 (8YSZ) in the thin lms 37 .
The precursor solutions were nebulized in a custom-made spray setup as described previously 37 and transported to a heated substrate using synthetic
air or N2 (Pangas, Switzerland, 99.995% purity) at a ow rate of 4 Nl/min
as carrier gas. Depositions were conducted at substrate temperatures of
450°C and 600°C.
YSZ thin lms were also deposited by air-blast spray pyrolysis (SP) using
a precursor solution of zirconium 2,4-pentanedionate (95% purity, ABCR)
and yttrium chloride hydrate (99.9% purity, Alfa Aesar) dissolved in 80 vol%
tetraethylene glycol (99% purity, Aldrich), 10 vol% polyethylenglycole 600
(Fluka) and 10 vol% ethanol (99.9% purity, Fluka). The total salt concentration was 0.05 M with a molar ratio of Zr : Y = 85.2 : 14.8 to obtain
8YSZ 38 . The precursor solution was pumped to a spray gun (Compact
2000KM, Bölho Verfahrenstechnik, Germany) at a ow rate of 2.5 ml/h
where it was atomized using compressed air at 1 bar pressure. The working
distance between the spray nozzle and the hot plate was kept at 39 cm during all experiments. Depositions were conducted at substrate temperatures
of 370°C for 50 min.
Pulsed laser deposition (PLD) was used to prepare thin lms in a Surface
PLD workstation (Hückelhoven, Germany) from a sintered 8YSZ target using a KrF excimer laser (248 nm wavelength, 10 Hz pulse repetition rate, 8.5
cm substrate-target distance). Depositions were conducted at room temperature and 700°C at an oxygen chamber pressure of 2.66 Pa.
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Sapphire
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a) Cross sectional view b) top view of measurement geometry used for cross-sectional impedance characterization.
Figure 6.1:
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After deposition, some thin lms were annealed in a mue furnace at 600°C
or 800°C at heating and cooling rates of 3°C/min and holding times between
0 h and 20 h in air. All lms had thicknesses between 220 nm and 600 nm.
Electrical cross-plane measurements

For electrical characterization, sapphire/Ta/Pt substrates were prepared
by DC magnetron sputtering (PVD products Sputter Deposition System,
USA). O-axis cut single crystal sapphires (500 µm thickness, Stettler, Switzerland) were coated with ≈ 10 nm of tantalum as an adhesion layer and
≈ 100 nm of platinum as a bottom electrode. YSZ thin lms were deposited
on these substrates using a shadow mask to retain the back electrode for
contacting. Top electrodes of 1x1 mm2 and a thickness of ≈ 100 nm were
sputtered on the YSZ thin lms (SCD 050, Bal-Tec, Liechtenstein) using a
shadow mask. For some lms, top electrodes of 9 mm2 or 0.2 mm2 were also
applied. Bottom and top electrodes were contacted using microprobes (Figure 6.1), and impedance measurements were carried out on an impedance
bridge from Solatron Analytrical (Solatron 1260, UK) or Zahner (Zahner
IM6, Germany). Frequencies between 100 mHz and 4 MHz were applied at
an oscillation amplitude of 20 mV. The samples were heated on a hot-plate in
ambient air. The thin lm temperature was recorded using a thermocouple
xed on a sapphire substrate right next to the sample.
The impedance spectra were rst evaluated using the "t circle" routine in
the software ZView (ZView 3.2c, Scribner Associates Inc., USA) to derive
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their total conductivity. For some samples, the spectra were also tted using
constant phase elements (CPE) 39 with impedance

1
= Q · (iω)n ,
ZCP E

(6.1)

where 0 ≤ n ≤ 1. A resistor R in series with a parallel assembly of a resistor and a constant phase element resulting in one semicircle, and a resistor
in series with two of these parallel resistorCPE elements (two semicircles)
were applied.
Microstructural characterization

The focused ion beam (FIB) technique was used to obtain cross-sectional
scanning electron microscopy (SEM) images of the samples (CrossBeam
NVision 40, Carl Zeiss, Germany).
Transmission electron microscopy (TEM) investigations were performed on
samples deposited on silicon. A traditional cross sectional sample preparation technique based on polishing, dimpling and ion milling (Gatan precision
ion polishing system at 4 keV and 4° angle of incidence from top and bottom)
was applied. Transmission electron microscopy (TEM) images were taken
in dark-eld mode using a FEI Tecnai F-30 (eld emission gun) with an accelerating voltage of 300 kV and post-column CCD camera. Scanning transmission electron micrographs (STEM) were taken on the same instrument
in high-angle annular dark-eld (HAADF) mode. High-resolution scanning
transmission electron microscopy (HRSTEM) was done on a Cs -corrected
Hitachi HD-2700 microscope operated at 200 kV with a cold FEG in wide
angle bright eld mode.

6.3 Results
In this paper, we study the oxygen ion conductivity of YSZ thin lms, which
is the dominating electrical transport mechanism above 200°C for compact
thin lms and above 400°C for nano-porous thin lms. Below 400°C, the
electrical conductivity of nano-porous samples deviates from the Arrhenius
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Typical impedance spectra of columnar and nanocrystalline YSZ thin lms recorded at 315°C and 450°C, respectively.
Figure 6.2:

behavior expected for oxygen ion conduction. This phenomenon is related
October
2011
40 .
to
surface
transport of protons and is discussed in a separate paperMeike.Schlupp@m
Typical impedance spectra of a columnar and a nanocrystalline YSZ thin
lm are shown in Figure 6.2. For most samples studied, only one impedance
arc is identied, which corresponds to the electrolyte. From the resistance
R of this impedance arc, the electrode area A, and the lm thickness l, the
total conductivity σ tot of the sample is obtained:

σ tot =

1 l
.
RA

(6.2)
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a)

b)

MS_USP905_2_WAM

1nm
6.3:
Nanocrystalline microstructure corresponding to AACVD_1 (as-deposited) shown by HRSTEM in bright-eld mode.
Figure
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When grain and a grain boundary contribution can be discerned in the
impedance spectra, the total (macroscopic) grain and grain boundary contot
ductivities σgtot and σgb
are derived from the grain and grain boundary
resistances Rg and Rgb using the same approach:

σgtot =

6.3.1

1 l
Rg A

tot
and σgb
=

1 l
.
Rgb A

(6.3)

8YSZ thin lms prepared by AA-CVD

8YSZ thin lms were rst deposited by AA-CVD at 450°C from 2,4-pentanedionate
precursor solutions of 0.025 M metal content using synthetic air as carrier gas. These conditions are referred to as AA-CVD_1a in the following
and produce non-textured nanocrystalline microstructures as shown in the
high-resolution STEM image in Figure 6.3. Lattice planes of zirconia are
clearly visible in the as-deposited samples. As reported previously, these
randomly oriented microstructures feature crystallite sizes of 3-4 nm in the
as-deposited state and 8 nm after annealing at 600°C on silicon substrates 37 .

Nanocrystalline AACVD - YSZ thin films: 1170.025M@
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Furthermore, porosity with similar dimensions as the grains is present in
these nanocrystalline samples 41 . Equivalent structures were conrmed to
form also on the sapphire/Ta/Pt substrates in this study according to X-ray
diraction (not shown).

One depressed electrolyte arc is identied in the impedance spectra of AACVD_1a. The total conductivities of three specimens are compared in
Figure 6.4. Very reproducible data is obtained for all samples. The total
conductivity shows an Arrhenius behavior in the temperature range between
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1nm

a)

b)

200nm

200nm

Microstructure of YSZ thin lms deposited by a) AACVD_1a and b) AA-CVD_1b. Cross sectionalMeike.Schlupp@mat.ethz.ch
FIB cuts obtained after
electrical characterization showing, from bottom to top, the sapphire
substrate, Pt bottom electrode (including Ta adhesion layer), YSZ thin
lm, Pt top electrode, and protective carbon coating.
Figure 6.5:
October 2011

400°C and 600°C (activation energy 1.23 eV), and 0.003 S/m are obtained
at 500°C.
As shown for sample 2 in Figure 6.4, the same conductivities result using top
electrodes of dierent size (1 mm2 and 9 mm2 ). The asymmetrical electrode
system with large back electrode and small top electrode therefore does
not inuence the experiment. The same conductivity results are further obtained during the rst heating cycle and subsequent cooling cycles, although
the temperature during the impedance measurements is up to 150°C higher
than the deposition temperature of these samples. After a total dwell time of
18 h at 600°C, sample 3 in Figure 6.4 shows the same conductivity as during
its rst heating. Grain growth from approximately 3-4 nm to 8 nm therefore
does not have a measurable inuence on the electrical conductivity.
However, using synthetic air as carrier gas during lm deposition, the formation of cracks in YSZ thin lms running perpendicular to the lm surface
was observed. As shown in Figure 6.5a, V-shaped cracks with openings of
up to 100 nm at the top are present in these samples. Some of the cracks
penetrate the whole thin lm. Nevertheless, the platinum top electrodes
do not ll up the cracks, but are only found on top of the YSZ lms. The
presence of such cracks therefore does not lead to short circuiting, and lm
conductivities could reproducibly be measured on these samples.

MS_USP
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(referred to as AA-CVD_1b). As shown in Figure 6.5b, this results in
continuous stacks of sapphire/Ta/Pt/YSZ/Pt. The corresponding electrical
conductivities are very similar to those determined for the cracked samples
(Figure 6.6).
YSZ thin lms were also deposited from precursor solutions of low metal
content (0.005 M) at 600°C using synthetic air (AA-CVD_2). These conditions lead to crack-free samples with columnar microstructures (Figure
6.7) featuring a (111) texture 37 as shown in the dark-eld TEM image in
Figure 6.7b. Typical column diameters are 10-20 nm. Although only one
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a)

b)

200nm

25nm

6.7:
Microstructure of YSZ thin lms deposited by AACVD_2. a) Cross sectional FIB cut obtained after electrical characterization showing, from bottom to top, the sapphire substrate, Pt bottom
electrode (including Ta adhesion layer), YSZ thin lm, Pt top electrode,
and protective carbon coating. b) Cross sectional dark-eld TEM image
on silicon substrate.
Figure

electrolyte impedance arc can be discerned for these samples, their electrical
conductivity is signicantly higher than that determined for AA-CVD_1,
and their activation energy is lower (Figure 6.8). Due to the low resistance,
October 2011
the impedance
data could only be evaluated up Meike.Schlupp@mat.ethz.ch
to a temperature of 400°C,
although top electrodes as small as 0.2 mm2 were applied for some of the
samples. An activation energy of 0.95 eV is determined in the temperature range from 200 to 400°C. By extrapolation, this corresponds to a total
conductivity of 0.07 S/m at 500°C.

6.3.2

8YSZ thin lms prepared by wet spray pyrolysis

Using wet spray pyrolysis, 8YSZ samples were deposited at 370°C. These
conditions result in predominantly amorphous thin lms after deposition,
which crystallize on annealing 42 (Table 6.1). The resulting microstructures,
which contain porosity of a size range similar to that of the grains, are
comparable to those obtained by AA-CVD_1 (Figure 6.3) and are described
in more detail elsewhere 43 .
Figure 6.9 shows the total conductivities of such lms after dierent heat
treatments for samples of variable crystallinity and grain sizes below 10 nm.
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Average grain size and crystallinity of randomly oriented
nanocrystalline YSZ thin lms deposited by spray pyrolysis 42 and AACVD_1 37 .
Table 6.1:
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Again only one electrolyte arc can be discerned in the impedance data, and
the conductivities are quite similar to those prepared by AA-CVD_1. An
activation energy of 1.22 eV and total conductivities around 0.004 S/m at
500°C are obtained.

However, two dierent electrolyte processes corresponding to bulk and grain
boundary contributions could be identied in the impedance spectra of samples with an average grain size of 13 nm, which were annealed at 800°C for
20 h (Figure 6.10). The total grain boundary conductivity of these samples is slightly higher than the total conductivity determined for smaller

Nanocrystalline
vs. columnar
PLD-YSZ
thin
films
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MS_
clip t
clip.t
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10nm

a))
Cross sectional microstructure
of YSZ thin lm deposited
on silicon by PLD at 25°C after annealing at 600°C for 20 h. a) Dark-eld
TEM overview image showing dierent crystal orientation (left) and b)
high-resolution HAADF-STEM image showing intra-granular porosity.
Figure 6.11:

grain sizes and shows an activation energy of 1.34 eV and a conductivity of
0.006 S/m at 500°C. The total grain conductivity exhibits a lower activation
energy of 1.10 eV and reaches around 0.2 S/m at 500°C.

6.3.3

8YSZ thin lms prepared by pulsed laser deposition

10nm
8YSZ thin lms with dierent microstructures were also prepared by pulsed
laser deposition. For deposition at 25°C (PLD_25C), almost XRD amorphous YSZ thin lms were obtained, which crystallized
to randomly oriented
October 2011
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microstructures with ≈ 50 nm grain size on annealing at 600°C (not shown).
Figure 6.11a shows a cross section of such thin lms. The grain boundaries
are oriented both perpendicular and parallel to the substrate surface. Interestingly, intra-granular pores with diameters up to 5 nm were also found
in the annealed samples (Figure 6.11b).

Only one depressed electrolyte arc appeared for these samples. As shown
in Figure 6.12, the total conductivity of PLD_25C changes during the rst
heating cycle. There is a step in the conductivity data shortly below 300°C,
which could correspond to crystallization. For the cooling cycles, an acti-

PLD@700 C, diff. electrodes
PLD@ 25 C, heating / cooling
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Bulk and some grain boundary contribution for polycrystall

vation energy
of 1.07 eV is obtained at a total conductivity
of 0.020 S/m at
October 2011
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500°C.
Finally, highly crystalline columnar PLD samples with (111) texture were
deposited at 700°C (Figure 6.12). More information on similar microstructures can be found elsewhere 44,45 . The total conductivity of these samples
(0.120 S/m at 500°C, Ea = 1.08 eV) corresponds well to that of columnar
AA-CVD_2 (Figure 6.8) and the grain contribution in spray pyrolysis thin
lms of 13 nm grain size (Figure 6.10).
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A summary of all total conductivities determined for the YSZ thin lms
obtained by dierent deposition methods and conditions can be found in
Table 6.2 on page 130.

6.4 Discussion
In this study, only one electrolyte arc is visible in most impedance spectra. For the columnar samples, contributions from grain conductivity only
are expected, as all grain boundaries are oriented parallel to the current
direction. This has already been reported for columnar YSZ samples prepared by DC sputtering 35 and PLD 30,36 . The total conductivity therefore
corresponds to the specic grain conductivity, σ tot ≈ σgspec . Activation energies of columnar samples obtained by AA-CVD and PLD in this work
(AA-CVD_2 and PLD_700C) are indeed very similar to each other and
agree well with grain conductivities reported in literature, e.g. by Peters
et al. 5 . Their single impedance arc is only slightly depressed and can be
represented by one resistor and constant phase element (CPE) in parallel,
where the CPE has an exponent n between 0.9 and 1.
The total conductivities of all nanocrystalline samples with very small grain
sizes <10 nm (AA-CVD_1 and SP annealed ≤ 600°C) as well as their activation energies correspond well to reported specic grain boundary conductivities 5 . Their impedance spectra show a single electrolyte arc and are
highly depressed with CPE exponents n between 0.7 and 0.9, indicating inhomogeneous grain boundary properties 10 . Similar depressions of n = 0.7
to 0.8 have also been reported for the grain boundary contribution by Gerstl et al. 9 . Attempts of tting these depressed semicircles by an equivalent circuit comprising two parallel resistorCPE pairs in series did not
give reasonable results, and a de-convolution into grain and grain boundary
contribution was not possible. Furthermore, no change in conductivity was
observed for amorphous and randomly oriented nanocrystalline SP and AACVD samples up to a grain size of 9 nm. Taking into account that typical
grain boundary widths reported for YSZ are around 5 nm 1,2,4,5 , this suggests that the total conductivities of our nanocrystalline samples reect the
spec
specic grain boundary conductivity only (σ tot ≈ σgb
). A true size eect,
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e.g. a change in conductivity for grain sizes below 5 nm, was not observed
in our measurements.
Two semicircles corresponding to grain and grain boundary contribution
could only be discerned for randomly oriented microstructures with a grain
size of 13 nm (SP annealed at 800°C, Figure 6.10). In literature, the separation of grain and grain boundary processes has been reported down to a
grain size of 17 nm for bulk samples, while it was not possible in thin lms
for grain sizes ≤36 nm 5 or ≤30 nm 6 . The grain conductivity determined
for our specimens of 13 nm grain size corresponds well to that derived from
the columnar samples. The total grain boundary conductivity is slightly
higher than that of nanocrystalline microstructures <9 nm. According to
the brick-layer model 10 , the specic grain boundary conductivity σgspec is
derived from the total grain boundary conductivity σgtot , the grain size d,
and the electrical grain boundary thickness δgb according to
spec
tot
σgb
= σgb

δgb
.
d

(6.4)

Assuming a grain boundary thickness of 5 nm, the specic grain boundary
spec
tot
conductivity results to σgb
≈ 0.4 σgb
at a grain size of 13 nm. As shown
in Figure 6.14, this corresponds to the grain boundary conductivity derived
from the nanocrystalline samples ≤ 9 nm. Geometrical corrections for the
grain conductivity σg are usually not applied, as σgspec ≈ σgtot .
The PLD sample deposited at room temperature (PLD_25C) exhibits a
conductivity, which lies in-between the grain and grain boundary conductivities observed above. However, although only one depressed electrolyte arc
is visible in the corresponding impedance spectra, grain and grain boundary contribution could be extracted from the depressed semicircle by tting
the equivalent circuit depicted in Figure 6.13. Constant phase exponents
n between 0.94 and 1.0 were obtained for both grain and grain boundary
contribution. Reasonable grain conductivities of 0.066 S/m extrapolated to
500°C with an activation energy of 0.89 eV were obtained by this procedure.
For a grain size of 50 nm and a grain boundary width of 5 nm, a specic
spec
tot
grain boundary conductivity of σgb
≈ 0.1 σgb
= 0.002 S/m is obtained at
500°C. This value corresponds very well to the values obtained for the na-
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Nanocrystalline vs.
columnar PLD-YSZ thin films
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Bulk and some grain boundary contribution for polycrystall

nocrystalline
microstructures, although the activation Meike.Schlupp@mat.ethz.ch
energy of 1.15 eV is
October 2011
slightly lower (Figure 6.14).
All total conductivities determined in this study are summarized in Table
6.2. Figure 6.14 depicts the specic grain boundary and grain conductivities
obtained for the dierent types of samples. Irrespective of the deposition
method, very similar values of ≈ 0.002 S/m at 500°C are obtained for the
specic grain boundary conductivity, either applying the brick-layer model,
or by measuring nanocrystalline samples of grain sizes below 10 nm. The
grain conductivities are around 0.1 S/m at 500°C.
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The presence of porosity detected in both nanocrystalline microstructures
and in PLD_25C has not been accounted for so far. Due to the very small
October
2011sizes, it is very dicult to quantify theMeike.Schlupp@mat.ethz.ch
grain and
pore
amount of porosity
even using TEM. Peters et al. 5 have reported a porosity of 15 vol% at a
grain size of 5 nm for their YSZ sol-gel thin lms annealed at 650°C. Using
a three-dimensional model of cubes representing insolating nano-pores and
conductive grains, they estimated the thin lm resistance to be increased
by 31% due to extensions of the transport paths and current constrictions
in the specimens. Very similar results were also obtained by Perry et al. 3 ,
who used a model based on spheres 46 . Here, the conductivity of the poreporous)
free samples is described by σ(compact) = σ(1−3f
/2 , where f is the volume
fraction of pores. This also results in an increase by 30% for a porosity of
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Table 6.2: Total conductivities σ
and their dependence on thin lm microstructure. Ea stands for activation
energy, gb for grain boundary, EIS for electrochemical impedance spectroscopy.
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15%. In a rst approximation, we expect the inuence of porosity in our
samples to be in a similar range, and the conductivity of the nanocrystalline
specimens after correction for porosity would be approximately 30% higher
than shown.
The main parameter inuencing the cross-plane conductivity of 8YSZ thin
lms is thus the presence of grain boundaries in the transport direction.
Engineering thin lm microstructures from randomly oriented nanocrystals
to preferentially oriented columnar grains allows to increase the cross-plane
conductivity from ≈ 0.002 S/m to ≈ 0.1 S/m at 500°C. For potential applications as electrolyte in thin lm solid oxide fuel cells, an area specic
electrolyte resistance of ≈ 0.15 Ωcm2 is targeted 47 , which corresponds to
an electrolyte conductivity of 0.01 S/m at a lm thickness of 150 nm. This
would allow to decrease the operating temperature from ≈ 550°C in the case
of nanocrystalline microstructures to 400°C for columnar samples.

6.5 Conclusions
Cross-plane conductivity measurements were performed on amorphous, nanocrystalline, and columnar 8YSZ thin lms. Due to the measurement
geometry, specic grain conductivities are directly obtained for columnar,
preferentially oriented thin lms. Specic grain boundary conductivities result for nanocrystalline specimens with grain sizes in the range of the electrical grain boundary width, e.g. for grain sizes below 10 nm. For randomly
oriented nanocrystalline samples of 13 nm and 50 nm grain size obtained by
spray pyrolysis and pulsed laser deposition, respectively, grain and grain
boundary contribution could be de-convolved from the impedance spectra.
Application of the brick-layer model provides reasonable specic conductivities for these samples. Specic grain boundary conductivities around
0.002 S/m and grain conductivities around 0.1 S/m at 500°C are obtained
irrespective of the deposition method. No indication for true size eects
in nanocrystalline YSZ were found. The clear microstructure  conductivity
relationships established in the present study will provide a relevant basis
for the engineering of miniaturized low-temperature thin lm solid oxide
fuel cells.
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7
Conclusions
Thin lm growth by aerosol assisted chemical vapor deposition was achieved
using the volatile metal-organic precursors Zr(acac)4 , Zr(tmhd)4 and
Y(acac)3 dissolved in solvents of low boiling point, e.g. ethanol and mixtures of ethanol and heptane. Film growth could be restricted to gas phase
deposition for substrate temperatures above 300°C using a custom-made
experimental setup based on an ultrasonic bath nebulizer. Wet droplet
deposition occurred only at room temperature.
The precursor concentration in the spray solution, the nature and ow of
carrier and director gases (compressed air, mixtures of O2 and N2 ), and the
substrate temperature were found to inuence growth rates and microstructure. Smooth and homogeneous YSZ thin lms were prepared on dierent
substrates at growth rates between 0.1 nm/min and 75 nm/min. At a very
low substrate temperature of 300°C, amorphous YSZ thin lms were formed.
Randomly oriented nanocrystalline microstructures with grain size .4 nm
were obtained for deposition at 450°C at high growth rates (3040 nm/min).
At lower growth rates (510 nm/min), some degree of preferred orientation
in (100) developed at 450°C. Columnar microstructures with (111) texture
and column diameters of ≈ 20 nm were obtained at 600°C for growth rates
of 510 nm/min. These deposition temperatures between 300°C and 600°C
correspond to very low homologous temperatures Th = Ts /Tmelt between 0.2
and 0.3 considering the high melting temperature Tmelt of YSZ (≈ 2700°C).
At substrate temperatures below ≈ 400°C, lm growth was found to be
limited by surface reactions, and growth rates increased with temperature in
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an Arrhenius-type behavior (Ea = 7080 kJ/mol). Above 400-500°C, growth
rates showed a weaker temperature dependence due to gas phase diusion
limitations. Film growth was not limited by feed rates.
The formation of ZrO2 in the AA-CVD process occurred at signicantly
lower temperatures than in thermal decomposition of the corresponding
metal-organic precursors. In simultaneous thermal analyses of Zr(acac)4
and Y(acac)3 , decomposition products (CO2 , H2 O) were formed up to 650°C
and 800°C, respectively. These temperatures were much higher than the
typical substrate temperatures of AA-CVD. In contrast, YSZ obtained by
AA-CVD at 450°C did not release euents above its deposition temperature, and organic contaminations were not detected in these thin lms.
Furthermore, lm shrinkage on annealing at 600°C or 1000°C was found to
be very low as compared to YSZ thin lms deposited by chemical solution
methods.
Due to the gas phase deposition mechanism, the cation transfer from precursor solution to thin lm was not congruent. However, it was constant
for a broad range of deposition conditions in this study. The desired 8YSZ
composition could therefore be obtained by adjusting the cation ratio of the
precursor solution to 20 atom% yttrium.
The presence of water in the precursor solution or in the carrier was found
to signicantly inuence lm growth. On the one hand, it inhibited the formation of volatile yttrium and zirconium species, thus leading to reduced
growth rates. On the other hand, the presence of water during deposition caused crack formation in lms deposited at intermediate temperatures (450°C) in the presence of oxygen. Crack-free thin lms were formed
at lower (300°C) and higher temperatures (600°C), or for deposition using
nitrogen as carrier gas
Furthermore, the presence of nano-porosity was detected by scanning transmission electron microscopy of nanocrystalline YSZ thin lms, while the
columnar microstructures deposited at higher temperatures were found to
be compact and dense. The formation of porosity was correlated with the
desorption of product gases from the growth surface during deposition. It
could be minimized by reducing the amount of solvent molecules in the
deposition atmosphere. Compact nanocrystalline thin lms are therefore
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obtained by decreasing the lm growth rates via a decrease of the solution
throughput. By optimizing the process parameters, compact YSZ thin lms
of both nanocrystalline and columnar microstructures were obtained.
According to cross-plane AC impedance measurements, the oxygen ion conductivity of randomly oriented nanocrystalline YSZ samples below 10 nm
grain size deposited by AA-CVD or spray pyrolysis is determined by the
grain boundaries, which show signicantly reduced ionic transport properties as compared to the grain interior. No true size eect appeared, as similar
conductivities (≈ 0.002 S/m at 500°C, Ea = 1.2 eV) were obtained for nanocrystalline microstructure with grain sizes between 3 and 9 nm. In lms with
columnar (111) textured microstructures, the conductivity was determined
by ionic transport through the grains only, and comparable conductivities
of ≈ 0.1 S/m at 500°C with an activation energy of 1.01.1 eV were obtained
for columnar thin lms deposited by AA-CVD and PLD. With these conductivities, area specic resistances of 0.15Ωcm2 can be achieved for 8YSZ
electrolytes of 150 nm lm thickness at temperatures of ≈ 550°C using randomly oriented nanocrystalline microstructure, or at temperatures as low as
400°C using columnar thin lm microstructures. Columnar microstructures
without grain boundaries in the transport direction are therefore favorable.
Although typical for physical vapor deposition techniques, these microstructures can also be obtained by aerosol assisted chemical vapor deposition.

8
Outlook
Aerosol assisted chemical vapor deposition has proven to be a very promising
means of thin lms preparation. Up to date, micro  solid oxide fuel cell
electrolytes are generally prepared by expensive vacuum-based thin lm
deposition techniques, which are dicult to implement at the industrial
scale. It would therefore be a signicant advantage if free-standing YSZ
membranes and fuel cell stacks could be prepared by AA-CVD.
YSZ thin lms deposited on silicon-based substrates at elevated temperatures are aected by dierences in thermal expansion coecients (e.g.
4·10−6 K−1 for silicon 1 and 8·10−6 K−1 for 8YSZ 2 at 500°C). Upon cooling, the thin lms are subject to tensile stresses, which could inuence the
stability of free-standing membranes. This is in contrast to physical vapor deposition, where these tensile stresses are overcompensated by atomic
peening eects 3 . Randomly oriented nanocrystalline thin lms deposited
at lower substrate temperatures could thus be of advantage for application
in micro  solid oxide fuel cells despite their signicantly reduced ionic conductivity as compared to the columnar microstructures obtained at higher
temperatures.
With its simple setup, aerosol assisted chemical vapor deposition oers high
exibility in the use of precursors and carrier gases. Besides the deposition of yttria stabilized zirconia, thin lm growth of gadolinia doped ceria
(GDC), alumina, iron oxide, cobalt oxide, lanthanum oxide, and even metallic platinum have been achieved in this project. Gradient structures with
dierences in chemical composition could also be prepared by AA-CVD, for
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instance with dierent zirconia to ceria ratios across the lm thickness. The
design of mixed electronic/ionic conductors could also be possible. It would
be a very interesting challenge to work on micro  solid oxide fuel cell stacks
based primarily on thin lms deposited by the AA-CVD technique.
Furthermore, the gas phase deposition mechanisms allows to grow continuous thin lms even on porous substrates, e.g. on anodized alumna with pore
sizes up to 200 nm. A micro  solid oxide fuel cell design using a porous support could therefore be feasible. Another possibility would be to prepare
thin lms with a corrugated structure. This could be of advantage in order
to minimize thermally induced tensile stresses by an "accordion" eect.
As illustrated by this study, the deposition atmosphere greatly inuences
the microstructure of AA-CVD thin lms. A better control of the surrounding atmosphere with respect to oxygen and water vapor would facilitate
lm deposition. Furthermore, the desorption of product gases is reduced at
ambient pressure, thus promoting pore formation at lower deposition temperatures. It could therefore be advantageous to perform aerosol assisted
chemical vapor deposition in a vacuum environment for some applications.
Pulsed deposition in an evacuated chamber 4 would also increase the eciency of precursor conversion, which is only 4-7% in our experiments.
At the same time, the nano-porous YSZ microstructures of this study could
be interesting materials for nano-ltration, where pore sizes in the low
nanometer range are of advantage 5 .
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