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Abstract

Polymer-assisted deposition was introduced as a viable technique to create all sorts of metal oxide thin
films. The technique was illustrated to profit from the advantages associated with current chemical
solution deposition techniques. At the same time, polymer-assisted deposition was described to
remove major drawbacks conventionally associated with this class of deposition methods. Most of
these conclusions were based on studies of epitaxial film growth. The applicability of polymer-assisted
deposition to form non-epitaxial films had so far not been extensively studied. The formation of
polycrystalline SrRuO3 thin films on substrates that could not act as a template during growth, was
attempted in this work.

Stable polymeric solutions were made containing strontium and ruthenium precursor complexes.
These solutions were spin cast and annealed, particularly on oxidized silicon substrates. A standard
procedure was developed to create thin films from the solutions. Deviations were made to the pro-
cedure in order to gain a better understanding of the film forming processes. The goal of these
experiments was to ultimately find a route that could lead to smooth and dense conductive thin films
of SrRuO3.

The films that resulted from the standard procedure contained protruding parts, that had developed
during the thermal treatment. Protrusions of different shape and composition were found on films
annealed at 600 oC and 850 oC. X-ray diffraction studies indicated the presence of SrRuO3 in the
former case, but did not provide evidence for presence of any phase in the latter case. The various
attempts that were made to inhibit the formation of these protrusions and simultaneously create thin
films of proper density, composition, and crystallinity, did not have the desired effect.

Protrusions are believed to form by nucleation of SrRuO3 crystallites at the substrate surface. The
growth of these crystallites is expected to be facilitated by large diffusion lengths in the film, that
are the result of simultaneously occurring decomposition events that reduce the film viscosity. The
high curvature that these protrusions possess may explain why the crystallites were found unstable at
processing temperatures of 850 oC. The results from the various attempts to improve the thin films,
demonstrate the challenge to create SrRuO3 thin films on substrates that can not act as template for
epitaxial growth (e.g. amorphous substrates).
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Preface

Starting a Master’s thesis with a quotation of a film director is unarguably not the most straightforward
decision to make. After all, the fields of materials science and movie production seem light-years away
from each other. Nevertheless, the past few months which I spent working on polymer-assisted
deposition, the large gap between both fields seemed to narrow. In my many attempts to understand
and control film formation processes, I constantly concentrated on the ultimate goal to create ’high
quality films’. A similar description will fit the work of a film director.

Soon after this project started, I was confronted with the chaos that developed in the films. I was
determined to improve the film forming process to ultimately find a low cost method to efficiently
create SrRuO3 films preferably on low cost substrates. I soon realized that this was a challenging
goal.

As I like to be challenged, I carried out all sorts of experiments that I thought could contribute to
the quality of the films. I began to feel confident with the topic and tried to proceed systematically.
During the last experiments, I discovered that the theory that I had developed contained an essential
error. Although I still regret this error, it made me learn that I should work even more systematically,
take more time to communicate with others about my work and always should try to avoid making
any assumptions.

With the words on the first page, Francis Ford Coppola tried to say that true satisfaction will not
be achieved without striking a blow. Although I had certainly be more satisfied if I had developed
a viable alternative to the production of SrRuO3 thin films, I am very content with the knowledge
I gained during the past year. Besides, I think that the results that are covered in this report may
contribute to a further understanding of the formation of SrRuO3 and the applicability of polymer-
assisted deposition.

Enschede; May 12, 2010

Maarten Nijland
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Introduction

Conductivity is to metals as insulation is to oxides. These words could almost be the answer to a
question in a typical IQ test. Almost, because not all oxide materials are insulators. The exceptions
can not be found in common oxides like clay or glass, but are found in more ’advanced materials’. An
example of such a material is SrRuO3 (strontium ruthenate or SRO in short).

SRO is a metallic conducting oxide with a room temperature resistivity of 280 µΩ · cm. [1] By way
of comparison, this value is by a factor of hundred higher than that of aluminum. SRO is characterized
by a high thermal and chemical stability. The compound does not disintegrate in oxidizing or inert
atmospheres below 900 oC [2] and is almost inert against different kinds of diluted acids. [3]

Strontium ruthenate has an orthorhombic crystal structure of the GdFeO3-type. [4,5] Figure 0.1(a)
depicts its unit cell (ao = 5.5730 Å; bo = 5.5381 Å; co = 7.856 Å [6]). The structure can be regarded
as a pseudo-cubic perovskite (ap = 3.928 Å), as shown in Figure 0.1(b). This characteristic facilitates
integration with other perovskite or perovskite-derived materials. The following example describes a
situation in which the importance of the material clearly emerges.

Pb(Zr0.52Ti0.48)O3 (PZT) is a ferroelectric material with a Curie temperature of TC = 390 oC. [7]

This property allows the material to be used in ferroelectric capacitors for non-volatile random access
memory (NVRAM) applications. The capacitors conventionally consist of a polycrystalline PZT layer
sandwiched between two platinum electrodes. [8] A substantial reduction in switchable polarization
after a certain amount of switching cycles (fatigue) limits the life-time of such devices. The primary
reason for degradation of the ferroelectric lies in the nature of the electrode interfaces. [9] Processes
like slow release of oxygen from the PZT lattice and diffusion of metal species from the electrodes
are accelerated by polarization inversion. Resulting oxygen vacancy defects or platinum impurities are
believed to directly cause fatigue. [10]

Fatigue is considerably reduced when conducting metal oxide electrodes – like SRO – are used.
Reduction of PZT is inhibited by the presence of oxygen atoms in the electrodes and metal migration
into the PZT film is impeded. [11,12] In addition, ⇀c-axis oriented growth of PZT can proceed on the
(100)p plane of SRO (the subscript p refers to the pseudo-cubic unit cell; o will refer to the orthorhom-
bic unit cell) with a lattice mismatch of only 2.7%. The ideal electrode-ferroelectric interface not
only contributes to the reliability of these ferroelectric capacitors, but may also enhance ferroelectric
characteristics like polarization. [11,13]

a b Sr

Ru

O

ap

ao

ap ap
bo

co

Figure 0.1: Representation of the crystal structure of SrRuO3 showing the orthorhombic unit cell in (a) and the pseudo-cubic perovskite
in (b).
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Even though other uses of strontium ruthenate are conceivable, the material is scarcely used
these days. The challenge to produce the material in a cost-effective fashion is one of the important
reason why large-scale implementation is still lacking. Sputtering [11] and pulsed laser deposition [3]

are conventionally used to deposit SrRuO3, but both are limited by the costs of scaling up vacuum
equipment and difficulties to form uniform layers over large areas.

Chemical solution deposition techniques (like sol-gel deposition) are more easily scaled and do not
require high investment costs of the technology. In the past years, several ways to create thin films of
SrRuO3 were reported. [14–18] The methods that were proposed represent just a fraction of the possible
routes that can be exploited to create thin SRO films.

In this work, attempts to grow SrRuO3 thin films by polymer-assisted deposition are described.
Polymer-assisted deposition is a chemical solution deposition technique, in which metal species are
bound to polymers in homogeneous solutions. [19] This technique has been used mainly to form hetero-
epitaxial thin films, and little is known about its applicability on arbitrary substrates. For this reason,
thin films were mainly formed on oxidized silicon substrates, which are inexpensive and contain an
oxide layer (at the surface) that is non-crystalline.

Homogeneous SRO precursor solutions containing polyethyleneimine complexes were prepared and
studied. A standard procedure to spin cast and anneal thin films from these solutions was subseqently
developed. The effect of making changes to this procedure was studied in the attempt to improve
the films in terms of smoothness, density, composition, and crystallinity.

In a large part of the films that were made, protrusions were observed that had formed during the
thermal treatment. These protrusions are believed to origin from energetically favorable crystalliza-
tion processes, that are facilitated by large diffusion lengths of precursor species in the films during
annealing. The good diffusion is caused by the films to significantly decrease in viscosity when the
organics are being removed. [20] This property – that causes the success of polymer-assisted deposi-
tion in various epitaxial processes – appears to be rather disadvantageous when films are grown on
substrates that can not act as templates.
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Chapter 1

Theoretical background

1.1 Thin film technology

From ancient Egypt to modern science Probably no technology that is still in active devel-
opment today, has a history as long as thin film technology. The antiquity of the technology is
well illustrated by the remains from ancient Egyptian tombs: the majority of relics found in king
Tutankhamun’s tomb make an impression to be made primarily of gold, but most are covered with
just thin gold layers. [21]

Furniture like a bed canopy or armchairs found in the tomb of Queen Hetepheres demonstrates
how well goldsmiths had mastered thin film technology as early as 2,600 B.C. [21] The technology
used to gild these objects is dissimilar from thin film technology as we know it today. First steps
into modern thin film technology were made in the 1850s. Since these first steps, the technology
developed into a science dominating studies in different research groups all over the world. [22]

To date, a wide variety of techniques to create thin films has been developed and applied. Three of
the current techniques will be treated very briefly in the next section. For a more complete overview of
thin film growth methods, the interested reader is referred to any of the excellent textbooks treating
modern thin film technology. [22,23]

Vacuum 
chamber

Holder

Substrate

Charge
Boat

Electrode

To pump

Figure 1.1: Representation of a typical evaporation sys-
tem. Material (charge) is vaporized to deposit else-
where, including on a substrate facing the charge. The
figure is based on reference [23].
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Figure 1.2: Illustration of possible reaction and processing steps to form a
titania film by atomic layer depostion. The figure is based on reference [23].
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Making thin films by making assessments

Evaporation is a relatively straightforward technique and it is therefore frequently applied to deposit
elemental thin films. Material is heated and evaporates from a solid source to deposit onto the
surroundings, including the substrate to be coated (Figure 1.1). The method is restricted though by
difficulties to form uniform films over large areas and difficulties to deposit compounds. Since the
method requires vacuum, it is additionally restricted by the costs of scaling up vacuum systems. More
complex system designs are usually required if mixtures are to be deposited. [23]

Atomic layer depostion (ALD) is another example of a thin film deposition method. Growth pro-
ceeds according to a self-limiting nature, i.e. each cycle only one atomic layer is grown atop activated
surface species. Before a new atomic layer can be deposited, the surface should be re-activated by
chemical means. As an example, the formation of titania layers is schematically represented in Figure
1.2. ALD allows to grow films of precisely defined thickness having excellent conformal coverage over
large areas. Low deposition rates are a main drawback of the technique. [23]

Sol-gel deposition is a third and last example of a way to create thin films. The technique involves
the transition of a liquid ’sol’ into a solid ’gel’ during the film formation process. It is one of the
techniques that is counted to the group of chemical solution deposition (CSD) methods.

The general procedure to make thin films by sol-gel deposition is explained in Figure 1.3 on the
basis of formation of a barium titanate (BaTiO3) film. Suitable precursors are prepared, dissolved
in appropriate solvents, and mixed in desired stoichiometric ratios to yield a homogeneous solution.
Usually metallo-organic compounds are made (mainly carboxylates and alkoxides), because their solu-
bility in different media can be tuned by modifying the organic parts and because these parts pyrolyse
at elevated temperatures without leaving significant residues.

In the next step, a thin film is cast from the solution and allowed to dry. Gelation sets in, because
the decreasing solvent content forces the precursor species to interact. In the example concerning
BaTiO3 film formation, condensation of Ti-precursors occurs to yield a polymeric gel. Volatile organic
species are removed in a subsequent heat treatment, during which a variety of bond reorganizations
and relaxation takes place. The film is crystallized in the same heat treatment step or in an additional
step. Final thermal treatment is applied to produce larger perovskite grains. [25]

Lucrative aspects of sol-gel deposition include the relatively low investment costs of the technol-
ogy, good control of film composition on a molecular level through control of stoichiometry of the
precursor solution, and relative ease of creating thin films over large areas (especially by dip and spray
coating). As for the above-mentioned film deposition methods, these strengths are counterbalanced
by weaknesses. These include the inability to conformally coat three dimensional structures with a
high aspect ratio and difficulties in the deposition of epitaxial, ultrathin and high density films. [20,25]

Consider the case that a uniform layer of a particular perovskite is required over an area of a few
tens of square centimeters. What technique should then be used if only evaporation, ALD and sol-gel
deposition are available?

1.  preparation of 
suitable metal 
precursors

3.  coating 4.  drying of the 
(wet) as deposi-
ted �lm

5.  removal of 
organic species 
from the gel �lm

6.  crystallization 
of the oxide �lm

7.  thermal 
treatment

Solution preparation Thin �lm production

2.  dissolving pre- 
cursors and mixing 
in desired ratios

spin coating,
dip coating, 
or spray coating

condensation of 
Ti-precursor to:

decomposition of 
Ba-carboxylate to 
BaCO3 and 
organic volatiles

formation of 
nanocrystallo-
graphic regions 
(see boxed areas)

BaTiO3 perovskite 
crystal

molar ratio = 1:1 Ti-O
OOCCH3

OOCCH3
Ti-O
OOCCH3

OOCCH3
Ti-O
OOCCH3

OOCCH3

OO

O
Ti

OR

OR

O
R-C C-R

OO

O
Ba

O
R-C C-R

Ba-carboxylate

Ti-precursor

Figure 1.3: General sol-gel deposition procedure explained on the basis of formation of a barium titanate thin film (simplified). The
figure is based on reference [24] and [25].
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From these three techniques, evaporation can be eliminated instantly. After all, forming non-
elemental films using this method is difficult. The relatively large area to be coated will be an
additional barrier for using this technique. On a first glance, both ALD and sol-gel deposition seem
appropriate. Which of these two methods is more suitable depends on the desired quality of the film.
If a high density ultra-thin film is desired, ALD is preferred over sol-gel deposition. If on the other
hand a low-cost method is sought to efficiently create perovskite films, sol-gel deposition should be
selected instead.

The idea of above-mentioned examples is that no method is generally perfect for creating thin
films. Selection of a method always stems from weighing the advantages and disadvantages. Since
commercial thin films must pass ever more stringent demands on quality and costs, existing thin-film
methods are constantly being improved and new methods are sought. Molecular beam epitaxy (MBE)
is an example of a method that resulted from active development of vacuum evaporation. Polymer-
assisted deposition (PAD) is an example of a technique that has received much attention lately due
to recent developments made in the field.

1.2 Polymer-assisted deposition

Polymer-assisted deposition is a chemical solution deposition technique that utilizes homogeneous
precursor solutions in which metal species are connected to polymers. Although the term dates back
to late 2004, [19] the concept of coating thin films from homogeneous polymer-metal-complex (PMC)
precursor solutions was introduced 16 years earlier. [26] Jia et al. boosted the interest for this CSD
route by their publication in 2004. [19] A wide variety of thin films produced by PAD have been reported
since then. Most research has been focussing on metal-oxide thin films, [18,19,27–33] but metal-nitride
films have been studied as well. [34–37]

The key role of polymers

PAD is characterized by the various functionalities of polymers. Suitable polymers actively bind metal
precursors or ions while remaining dissolved in the medium. This feature not only ensures an even
distribution of metals in solution, but also impedes the metals to interact with their surroundings. [19] As
a result, solutions used for polymer-assisted deposition allow to coat films of homogeneous composition
and can be stable over several months. [19,20]

Besides, the viscosity of a polymeric solution can be controlled by the molecular weight and con-
centration of polymer in that solution. The liquid’s viscosity is an important parameter for controlling
film thickness in spin and dip coating processes. [38,39]

The process

The steps typically involved in polymer-assisted deposition are schematically given in Figure 1.4. This
figure shows that the process – like that of sol-gel deposition – can be divided into two stages.
In the first stage, a homogeneous polymeric solution containing the metal cations in their desired
stoichiometric ratios is made. Thin films are subsequently prepared from this solution in the second
stage.

1.  �nding 
suitable metal 
precursors

2.  formation of 
complexes with 
suitable polymers

3.  ultra�ltration 
to remove 
unbound ions

4. mixing di�e-
rent polymer-
metal solutions

5.  adjusting 
viscosity

6.  application of 
coating

7.  thermal 
treatment

Solution preparation Thin �lm production

Figure 1.4: Potential steps in polymer-assisted deposition.
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Polymer-assisted deposition starts by selecting suitable metal precursors, i.e. species that can
form stable polymeric supermolecules in a desired solution. The following step is to mix these metal
precursors with a polymer solution. In some cases these precursors can directly bind with a specific
polymer (like in Figure 2.3(b)). In other cases complexing agents – like ethylenediaminetetraacetic
acid (EDTA) – are required to bridge between the polymer and metal cations (Figure 2.3(a)).

Ultrafiltration can be applied to remove unbound ions, leaving only the desired species in solution.
The concentration of metal cations within such a solution can be measured by e.g. inductively coupled
plasma-atomic emission spectroscopy (ICP-AES). Different solutions can subsequently be mixed in
desired stoichiometric ratios. If desired, the viscosity of these mixtures can be adjusted by removing
solvent under reduced pressure, or by adding polymer. [19,20]

Thin films can be created from the precursor solutions by various techniques, including printing,
dip coating, and spin coating. Polymer-assisted deposition is concluded by thermal treatment of
the film. During this step, organic species – like polymer or complexing agents – are removed and
crystallization is effected. [30]

Strengths and weaknesses of polymer-assisted deposition

Polymer-assisted deposition is a chemical solution deposition route and as such, many of its strengths
and weaknesses are shared with other CSD methods. Like sol-gel deposition, low investment costs,
good control of film composition and easy scaling are part of the plus-points of the technique. Unfa-
vorable aspects like difficulties to create ultra-thin films are shared as well. [25,40] Nevertheless, polymer-
assisted deposition distinguishes itself within the group of chemical solution deposition methods with
its unique strengths.

A typical problem encountered with sol-gel deposition is precipitation of transition metal species
out of the solution during processing, which is caused by a high reactivity of these compounds with
water. [19] Titanium tetraisopropoxide for instance, reacts extensively with water and precipitates in
the form of titanium hydroxydes or titanium oxides. [25] Though this problem can – for a large part –
be overcome by reaction with acetylacetone (see figure 1.5), the relatively stable polymeric complexes
in PAD are much less prone to precipitation. In fact, cationic species are completely shielded until
the polymer is removed. [19]

Another typical difficulty encountered with sol-gel deposition is finding a solvent system that is
compatible with the different organometallic precursors. Polymer-assisted deposition has been carried
out with aqueous polymeric solutions for a broad range of compounds without such trouble. [19] In
addition, stoichiometry control of species in solution is much more straightforward with polymer-
assisted deposition than with e.g. sol-gel deposition. The reason is that unbound ions can be
removed by ultrafiltration, whereupon the concentration of cationic species can be measured. Yet
another beneficial aspect of PAD is that binding of the cations to a polymer results in a flawless
homogeneous distribution of the species in solution. [20]

Typically, films up to 300 nm can be formed by polymer-assisted deposition without crack for-
mation. In contrast, crack-free films grown by conventional sol-gel processes are generally limited
to 200 nm per layer. Formation of microcracks in films formed by sol-gel deposition is explained by
condensation and pore collapse of the film during heat treatment. The depolymerization process that
occurs in polymer-assisted deposition does not lead to such stresses. Besides, films of higher density
are generally formed with PAD compared to other chemical solution deposition methods. [20,23]

Ti
OC

O OC C
C

CH3

CH3

H C
CO

CH3

CH3

H

C3H7
O

O
C3H7

Ti(OC3H7)4
+2 Hacac

-2 C3H7OH

Figure 1.5: Reaction of titanium tetraisopropoxide with acetylacetone to form a significantly more stable complex due to the chelate
effect and delocalization of electrons. This figure was adapted from reference [25].
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Coating techniques like chemical solution deposition, chemical vapor deposition and physical vapor
deposition are generally restricted in that three-dimensional objects of high aspect ratios can not be
conformally coated. [25,41] Opposed to this, polymer-assisted deposition has been successfully applied
to coat substrates with porous structures. Alumina membranes with well-defined straight pores of
200 nm in diameter were successfully coated with different metal oxide layers. [31,41] The coatings
were highly uniform and did not block the channels (Figure 1.6). Evidence of conformal coating was
produced by determination of the resistance of ZrO2 coated membranes: uncoated membranes were
destroyed after 15 minutes in corrosive environments, whereas coated membranes were significantly
more resistant and held out for 24 hours. [41]

Another ability of polymer-assisted deposition is to control the oxidation states of metal oxides
by lattice engineering, which has so far not been reported for other CSD methods. Various uranium
oxides were made by choosing substrates with appropriate in-plane lattice parameters. Epitaxial
UO2 films for instance, were formed by selecting a single crystalline (100) LaAlO3 substrate (Figure
1.7(a)). Conversely, hexagonal U3O8 films were formed from the same polymeric solution on single
crystalline (001) α-Al2O3 (Figure 1.7(b)). Orthorhombic heteroepitaxy of U3O8 was found on (112)
α-Al2O3. These films were found extremely stable due to the strong crystallographic pinning of the
metal oxidation states. [42] With PAD, it may even be possible to make metal oxides that could not
be accessed before. [20]

In the literature currently available, polymer-assisted deposition is described as a technique that not
only offers the common advantages associated with CSD methods, but also removes major drawbacks
conventionally linked to these methods. It allows cost-efficient bottom-up growth of crack-free, high
density (epitaxial) films, which makes the technique a viable alternative to currently used thin film
deposition methods.

b

500 nm 500 nm

a

Figure 1.6: SEM images of alumina membranes with pores
of 200 nm in diameter, being uncoated (a) and coated with
ZrO2 by PAD (b). This figure was adapted from reference
[41].

a b

Figure 1.7: High-resolution cross-sectional transmission elec-
tron microscopy (HR-TEM) images of an epitaxial (100) UO2
film on a (100) LaAlO3 single crystal (a) and an epitaxial
hexagonal (100) U3O8 film on a (001) α-Al2O3 single crystal
(b). Both films were deposited by PAD from the same solu-

tion. [42]
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Chapter 2

Making homogeneous metal
polymeric solutions

A first aspect of polymer-assisted deposition is fabrication of stable polymeric solutions that satisfy the
demands introduced in Chapter 1. Behind such solutions lies a branch of chemistry called supramolec-
ular chemistry, which is the collective term for systems containing molecular aggregates or ions held
together by non-covalent forces like electrostatic interactions or hydrogen bonding. [43]

2.1 The roots of polymer-assisted deposition

Host-guest chemistry is a distinct area of supramolecular chemistry, in which a molecular or ionic
’guest’ is enveloped by a larger ’host’. Considering the case of Figure 2.1(b), the sphere will be
the guest and the species surrounding it the host. Donald Cram – who shared the nobel prize in
chemistry in 1987 for his work in the field – wrote: “A host-guest relationship involves a complementary
stereoelectronic arrangement of binding sites in host and guest... The host component is defined as
an organic molecule or ion whose binding sites converge in the complex... The guest component is any
molecule or ion whose binding sites diverge in the complex...”. [44] Considering Figure 2.1(b) again,
the four binding sites of the host converge on the central guest resulting in four non-covalent bonds
depicted with dashed (red) lines.

When different guests are available, a host can prefer to interact with one of the species above
others. Such selectivity may depend on factors like co-operativity of binding groups, preorganisation
of the host conformation and complementarity of the host and guest binding sites. [43]

a b c

d

Figure 2.1: Representation of interactions in complexes. Host molecules consist of donor atoms (blue triangles and diamonds) connected
to a backbone that has no active role in the complex (green tubes). Guest species are represented by red spheres and non-covalent
interactions by dashed red lines.
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If binding of a certain group is facilitated by the binding of another group, the groups are said to co-
operate. In the case of Figure 2.1(a) one donor atom binds to a guest species, facilitating interaction
between the guest and other binding sites on the same host. Every new bond that is formed adds
to the stability of the complex. The complex depicted in (b) will therefore be significantly more
stable than a complex that contains four individual host molecules, as represented in (c). The effect
that multidentate ligands (ligands comprising multiple binding sites) form more stable complexes than
unidentate complexes is called the chelate effect. It is the result of both entropic and enthalpic factors:
replacing the ligands in (c) by a single ligand as in (b) yields three additional free ligands in solution,
and decomplexation of complex (b) requires four bonds to be broken simultaneously.

Different from the host in Figure 2.1(b), the host in image (d) has a closed cycle and is said to
be preorganized. Binding a host does not demand an energetically unfavourable change in shape of
the molecule, which enhances complex stability.

Both spatially (i.e. of the correct size and shape) and electronically complement binding groups
are beneficial for complex stability. Electronically, host-guest chemistry involves interactions between
Lewis-bases and acids, which can be expressed in terms of hard and soft acids and bases (HSAB). [45,46]

Hard bases have small donor atoms, having valence electrons that are not easily distorted by other
charges. Conversely, soft bases have donor atoms that are larger and polarizable. Similarly, hard acids
are small and non polarizable, while soft acids are large and polarizable.

Hard bases tend to coordinate with hard acids while soft bases tend to interact with soft acids.
Consider the guest species in Figure 2.1 hard and the binding sites represented by diamonds softer
than those represented by triangles. According to HSAB principle, coordination with triangles will
likely be stronger.

Another important parameter is the inherent acid or base strength, which can also be decisive
for the interactions to occur. Both softness and strength should be considered at the same time to
understand coordination processes that take place. In symbols this is expressed in Equation 2.1. The
values of the parameters in this equation are determined by the specific acid and base. Larger values
of strength and softness lead to larger equilibrium or rate constants. [45,46]

logK = SA · SB + σA · σB (2.1)

K: equilibrium constant
S: intrinsic strength
σ: softness
A/B: acid / base

2.2 Distinguishing polymer-assited deposition

The possibilities that supramolecular chemistry offers are countless. By contrast, the field of polymer-
assited deposition is curtailed considerably by the stringent demands that are made on the properties of
the polymer. These properties were already introduced in the previous chapter. To date, almost solely
one polymeric species has been used for polymer-assited deposition. This polymer is polyethyleneimine
(PEI).

Polyethyleneimine is mainly selected because it depolymerizes at elevated temperatures, leaving
almost no traces. [30,47] As shown in Figure 2.2, the polymer is converted into fractions of ethenamine
during this process. Another lucrative aspect of PEI is that it contains a substantial fraction of amine
groups. These groups are both able to form hydrogen bonds (Figure 2.3(a)) and interact with metal
ions in solution (Figure 2.3(b)).

H2N (  CH2CH2N  )x (  CH2CH2NH  )y CH=CH2

CH2CH2NH2
( 2x+y+1 ) . CH2=CH NH2

Figure 2.2: Simplified structure of PEI (on the left), which depolymerizes into ethenamine at elevated temperatures.
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2.3 Preparation of a homogeneous precursor solution

The knowledge that is currently available from the fields of supramolecular chemistry and polymer-
assited deposition gives a starting point for the search for stable polymeric solutions containing stron-
tium and ruthenium species. The synthesis of one such solution is described in this section.

All chemicals used were bought from commercial suppliers and were used without further purifi-
cation. Additional information about the used chemicals is given in Table 2.1. Ultrapure water with
a resistivity of 18.2 MΩ · cm was obtained from a Smart 2 Pure water purification system (TKA).

Acidity was monitored by an AR15 pH meter (Accumet research). Density was measured by
pipetting 5 ml solution in a 5 ml vial and measuring weight on an analytical balance. The average
density calculated over three measurements was used. Viscosity was measured in an automated micro
viscometer (Anton Paar) at 25 oC and averaged over ten measurements.

Synthesis of strontium precursor solution

In a 5 ml glass screw cap vial containing a stirring magnet, 500 mg branched polyethyleneimine with
an average molecular weight of 10, 000 g ·mol−1 were added to 2.5 ml water. The mixture was
vigorously stirred (at ∼ 1000 rpm) until the polymer had completely dissolved. A total of 449 mg
(1.52 mmol) ethylenediaminetetraacetic acid (EDTA) was subsequently added. Vigorous stirring was
continued for approximately twenty minutes until the solution had turned clear and colorless again.

A 0.6 M aqueous solution of Sr(NO3)2 (321 mg; 1.50 mmol) was prepared. This solution was
added dropwise within approximately five minutes to the first solution, which was vigorously stirred.
The resulting colorless solution was stirred moderately (∼ 500 rpm) for at least one hour. A similar
procedure was proposed by Jain et al. [30]

Synthesis of ruthenium precursor solution

A solution containing 500 mg PEI (10, 000 g ·mol−1) in 2.5 ml water was prepared. While vigorously
stirring this solution, pH was adjusted to 6 − 6.5 by adding an aqueous solution of 37 % w/w
hydrochloric acid (19− 24 drops).

A total of 392 mg (1.50 mmol) RuCl3 · 3 H2O was dissolved in 2.5 ml water and vigorously
stirred for at least one hour. The very dark chestnut brown solution was then added dropwise within
approximately fifteen minutes to the polymeric solution, which was vigorously stirred. The resulting
solution was moderately stirred for at least one hour.

Chemical CAS Supplier Purity M.W.
(g ·mol−1)

4,4’-dimethyl-2,2’-bipyridine 1134-35-6 Fluka ≥ 99% 184.24

ethylenediaminetetraacetic acid 60-00-4 Acros Organics ≥ 99% 292.23

polyethyleneimine, 9002-98-6 Alfa Aesar ≥ 99% 600
branched 1, 800

10, 000
30% w/w
aq. soln.

50, 000−
100, 000

potassium dichromate 7778-50-9 Fluka ≥ 99.0% 294.18

ruthenium(III) chloride trihydrate 13815-94-6 Aldrich ≥ 99.9% 261.47

strontium nitrate 10042-76-9 Fluka ≥ 99% 211.63

Table 2.1: List of chemicals used during the synthesis of the precursor solutions.
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Combination

The strontium precursor solution was transfered to a 25 ml glass screw cap bottle containing a stirring
magnet. While vigorously stirring this solution, the complete ruthenium solution was added within
one minute. Moderate stirring was pursued for at least one complete day after which the solution
was stored. Properties of this solution are given in Table 2.2. Just before spin coating the solution,
it was stirred for at least five minutes.

pH 4.5
density 1.10 g ·mol−1

dynamic viscosity 3.0 mPa · s

Table 2.2: Properties of the standard precursor solution.

2.4 Chemistry behind the precursor solution

Supramolecular complexes that resulted from the synthesis routes described in the previous section
may be represented by the structures depicted in Figure 2.3(a) and (b). The most marked difference
between the two is that Ru(III) cations are connected directly to the PEI backbone, while Sr(II)
cations are connected indirectly via an EDTA complex. The reason for this distinction is related to
the different properties of Sr(II) and Ru(III) cations.

The electron configuration of Sr(II) is similar to that of krypton: it contains well protected valence
electrons in completely filled sub-shells. Ru(III) has a [Kr]4d5 configuration, in which the d electrons
are more easily distorted by charges. The absence of 5s electrons further increases polarizability of
the 4d electrons. For these reasons, Ru(III) cations fall in the group of borderline acids whereas Sr(II)
cations are classified as hard. [45]

Besides softness, the two cationic acids differ in strength. Since they have a smaller ionic radius
and a higher positive charge, Ru(III) cations are considerably stronger acids than Sr(II) cations. The
intrinsic strength parameters will therefore have an important influence on the equilibrium and rate of
complex formation when Ru(III) cations are involved (Equation 2.1). Conversely, softness will have a
more substantial effect during the course of complexation of Sr(II) cations.

To understand why interactions are as proposed in Figure 2.3, the bases should be classified as
well. The softness of bases generally decreases in the sequence Cl∼N>O. [48] The same sequence is
found for increasing electronegativity, which is obviously linked to polarizability. Not only the donor
atom, but also the groups attached to it determine the softness of bases. The different amine groups
on PEI will therefore not be of equal softness.
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Figure 2.3: Image (a) shows part of a supermolecule that contains complexes of Sr(II) cations and EDTA hosts which are linked to a
PEI backbone. Supramolecular complexes of Ru(III) and PEI are found in image (b) and (c).
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The strength of donor groups will be influenced by their local structure. Carboxylate anions on
EDTA are stabilized by resonance with neighboring oxygen atoms, which decreases the strength of
these bases. Concerning the amine groups, base strength will increase in the order tertiary > secondary
> primary, because induction of electrons from attached hydrogen atoms is higher than from carboxyl
groups.

Hard and weakly acidic Sr(II) cations will tend to interact with the oxygen coordinating groups
on EDTA, which are harder than other electron donors in solution. Co-operativity of the six donor
atoms in EDTA will considerably contribute to the stability of a complex formed with this ligand. The
supramolecular complex that is depicted in Figure 2.3(a) is therefore the logical result of the different
interactions in solution.

Borderline and strongly acidic Ru(III) will preferably interact with amines instead of carboxylates.
Direct interactions with the polymer backbone become preferred over a six-fold EDTA embrace. Co-
operative interactions with three amine groups on PEI will add up to the stabilities of the structures
shown in Figure 2.3(b) and (c).

The formation of complexes involving different PEI molecules (Figure 2.3(c)) unconditionally
results in loss of solution homogeneity by cross-linking of a multiple of polymers. This is thought
to occur when the polymeric solution is not acidified before adding the aqueous solution containing
Ru(III) cations. After adding the first drop, dark brown, millimeter-sized flakes were found dispersed
in a light brown solution.

Acidification of the polymeric solution with hydrochloric acid leads to protonation of the amine
groups on PEI, which consequently weakens interactions with Ru(III) species. Furthermore, the
increased amount of chlorine ions in solution results in a higher probability of interaction between
these species and Ru(III) cations. Formation of the complex in Figure 2.3(b) will now become more
likely, while formation of the complex in (c) will be suppressed.

2.5 Analysis of the precursor solution

Thermogravimetric analysis and differential scanning calorimetry Thermogravimetric anal-
ysis (TGA) and differential scanning calorimetry (DSC) were simultaneously conducted on the precur-
sor solution. An aliquot of the solution was placed in a metallic sample crucible which was placed in
a Jupiter STA 449 F3 thermo-microbalance (Netzsch). The solution was allowed to dry at room tem-
perature, while the system was flushed with a mixture of nitrogen and oxygen, or pure nitrogen gas.
After the sample weight had stabilized, measurements were started. The temperature was increased
with 5 oC ·min−1 and the gas flow was maintained constant at 70 cm3 ·min−1.

Two experiments that varied from each other in gas flow composition were conducted. A first
experiment was performed in a mixture of nitrogen and oxygen (in a N2:O2 volume ratio of 6:1).
This experiment forms the basis of the discussion in the next paragraphs. The results are plotted
with opaque curves in Figure 2.4. A second experiment was performed in a pure nitrogen gas stream.
Results from this experiment are given in the same figure by transparent curves.
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Figure 2.4: Combined TGA and DSC data for the standard precursor solution. The opaque curves were obtained in an environment
containing nitrogen and oxygen (volume ratio 6:1); the transparent curves were obtained in a pure nitrogen gas stream.
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The results are divided into three main regions. Residual water, together with chlorides and nitrates
in solution, was removed below 200 oC. A total weight loss of 12% went together with no significant
thermodynamic events in this first region. Decomposition of organic fractions and disintegration of
complexes set in at 200 oC and proceeded up to 500 oC. A significant decrease in weight of 69%
was measured, together with two exothermic events. Above 500 oC weight loss was limited indicating
that no major decomposition took place. An exothermic event at 845 oC stands out against the
endothermic course of the DSC signal in this region. Endothermic processes that may have taken
place are e.g. decomposition of residual organics and volatilization of metal species.

Main decomposition events took place in the second (highlighted) region, which can be divided into
different stages. About 8.5% of the original mass was lost in a first stage between 200 and 235 oC.
This loss was attended with a small exothermic peak in the DSC signal. Possibly monodentate
guests on ruthenium hosts (Figure 2.3(a)) were removed at this stage. Decomposition of organics
commenced directly hereafter and proceeded up to 500 oC. PEI probably started to decompose before
EDTA, because EDTA was stabilized by interactions with strontium cations. [49]

The exothermic curve (4.1 kJ · g−1) with an onset temperature of 404 oC and a peak at 429 oC
coincides well with the measured sharp decrease of mass between 400 and 500 oC. Both the exothermic
curve and steep mass decline are absent in the data from the experiment performed in N2. There
is thus every indication that combustion of organic residues took place in this region. This is at
odds with allegations made before about the decomposition behavior of PEI and EDTA. Burrell and
co-workers for instance claim that non combustion processes of PEI and EDTA take place that ”result
in extremely clean metal oxide films even in inert or hydrogen atmospheres”. [20]

The two other exothermic peaks at 346 oC (0.8 kJ · g−1) and 845 oC (2.0 kJ · g−1) do not coincide
with the TGA signal and are most probably due to crystallization of RuO2 and SrRuO3, respectively.
Preliminary formation of RuO2 was already observed in thin films that were spin cast on different
substrates from different solutions. [14,16,17] Additional evidence for the formation of RuO2 before the
formation of SrRuO3 is provided in Chapter 4.

Stability of the precursor solution

The stability of the precursor solution was checked in a period exceeding two and a half months.
During this period, thin films were made from one and the same solution at different ages (the
procedure to make thin films is described in Chapter 3 on page 20). Topographical characterization
of these films was performed by atomic force microscopy. The films produced had similar appearances
and a root mean square roughness of 7.0± 1.5 nm. These results indicate that the solution had been
stable for several months.

a b

Ru
3

Cl

Cl
Cl

Cl

Cl

Ru
3

ClCl

Cl

N

N

N

NRu
2

N

O
HO

N

O

OH

N

O
HO

N

O

O

H

O

OH

O

OH

N

N

N

H

H

H

H
H

N

N

Figure 2.5: Representation of tris-(4,4’-dicarboxy-2,2’-bipyridine)-ruthenium(II) interacting with PEI (a) and trichloro-(2,2’-bipyridine)-
ruthenium(III).

16



Some thin films were made after filtering the solution through a Spartan 30/0.2 RC filter unit
(Whatman; particle retention 0.2 µm) just before spin coating. This extra step in the manufacturing
process had no effect on the final topography of the thin film. Because equal films were produced, it
is plausible to consider the solution homogeneous.

2.6 Alternative precursor solutions

The solution described and studied in the previous sections was not the only solution that was prepared.
Three different solutions are worth mentioning, which will be referred to as solutions 2, 3, and 4.
Solution 1 denotes the solution described above.

None of the alternative solutions was extensively studied or used. Regarding solutions 3 and 4, the
reason can be found in the poor solubility of the complexes in aqueous polymeric solutions. Complete
descriptions of the corresponding syntheses are outside the scope of this chapter, but are described
in Appendix A instead. This section serves to give a brief description of the intended solutions.

Solution 1 forms a mixture of two kinds of polymeric supermolecules. The first kind ideally contains
only strontium precursor species, and the second kind solely consists of ruthenium precursors. In other
words, the solution can be regarded as a mixture of two different kinds of ’spaghetti’. Attempts were
made to form a single supramolecular species in which the strontium and ruthenium precursors were
intermixed between the polymeric chains. The reason to do so, was that the precursor species are
even more homogeneously distributed in such solutions. Two approaches were developed to form this
kind of SRO precursor solution (see Appendix A). The two solutions were called 2a and 2b.

The idea behind solution 3 was to make a ruthenium complex that could be linked to the polymer
backbone via hydrogen bonding. The intended complex – linked to PEI – is represented in Figure
2.5(a). This complex will have a different thermal stability compared to that used in the original
solution. It will thus be released at a different moment during the thermal treatment of spin cast
films, which will influence the film forming processes. Ideally, strontium and ruthenium are released
simultaneously during the annealing process, and crystallization takes place at the same time.

The intended approach for solution 4 was to block two of the six co-ordinating sites of the
Ru(III) cations by one equivalent of 2,2’-bipyridine (Figure 2.5(b)). With two of its co-ordinating
sites blocked, ruthenium will not tend to cross-link two polymer chains. This cross-linking process
was believed to take place in the original solution when no pH adjustments were made, leading to a
loss of homogeneity of the solution (further details can be found on page 15). Although the solubility
of the ruthenium complex in solution 4 was very low, adding small amounts of the (solid) complex
to an aqueous PEI solution did not give flakes or other kinds of precipitation. This indicates that, by
blocking co-ordinating sites on the ruthenium hosts, cross-linking will indeed be inhibited.
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Chapter 3

Creating and analyzing thin films:
the standard procedure

3.1 The concepts of spin coating and processing thin films

Spin coating With the precursor solutions defined in the previous chapter, thin film can be pro-
duced. Preparation of thin films was realized by spin coating. During spin coating, a small amount of
liquid is dispersed evenly over a rotating substrate. Spin coating typically consists of four stages. In
a first stage, solution is delivered onto the center of a substrate. During a subsequent spin-up stage,
centrifugal forces disperse the liquid over the substrate. Excess liquid leaves the substrate during the
spin-off stage. Evaporation overlaps every stage, but takes over from the spin-off stage when flow is
no longer possible. [23]

In typical spin coating processes, three variables are controlled: spinning time, angular acceleration,
and angular velocity. Thickness of final ceramic films will be determined by many different variables,
including these three. Examples of other variables of influence are the humidity and temperature
of surrounding air, the nature of the solvent, and the concentration and nature of solutes. The film
thickness is largely a balance between shearing of the liquid and drying rate. It is generally proportional
to the liquid viscosity – which is linked to the drying rate – but inversely proportional to the spinning
speed and time. [50]

Thermal treatment

Thermal treatment of spin-cast thin films is applied to both remove the organic constituents and
induce crystallization. Two approaches can generally be used: the one-step and two-step process. In
the two-step process, most of the organic moieties are removed in a separate processing step prior to
crystallization. Films are heated directly to the crystallization temperature in the one-step process. [25]

Both the one-stepe.g. [19,33] and two-stepe.g. [27,32] processes are reported for the production of thin
films by polymer-assisted deposition.

Organic fractions are removed either by thermolysis (non-combustion processes) or pyrolysis (com-
bustion processes). Which of, and to what extent these processes occur depends on factors like the
precursor chemistry employed, heating rate, temperature, and atmosphere. In any case, the polymeric
thin films made by PAD are ”effectively molten” during thermal decomposition (i.e. their viscosities
decrease substantially). [20] This provides effective mixing of precursor species even at this stage.

Crystallization advances via nucleation and growth processes. Nucleation can commence either at
the substrate interface, at the surface of the film, or in the bulk. The driving force for crystallization
is an important parameter that influences the energy barriers of these nucleation events as well as the
nucleation rate. The thermal energy available during crystallization determines which barriers can be
overcome and by this, the microstructure. [25,38]
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Another important parameter determining the thin film morphology is the precursor chemistry. For
PAD processes in particular, true bottom-up growth is facilitated if the removal of the polymer and
crystallization occur concurrently. [20] The reason lies in the large diffusion lengths of metal species
due to the low viscosity of the thin film during the decomposition of the polymer.

Only in this brief introduction on spin coating and processing thin films, plentiful parameters were
identified that control the shape, composition or crystallinity of final films. Every stage in a thin film
production process – from solution chemistry to the final thermal treatment – needs to be carefully
optimized in order to create desired ceramic films. The process of making SrRuO3 thin films by
polymer-assisted deposition forms no exception. Before the effects of tuning variables can be studied,
a standard procedure should be defined first. The standard procedure and resulting films are treated
in this chapter.

3.2 A standard procedure for making thin films

Oxidation of silicon substrates Boron doped p-type CZ-silicon (001) wafers (Okmetic) were
oxidized under ambient atmospheric conditions without any preceding cleaning procedure. Oxidation
was carried out in a laboratory chamber furnace (Carbolite) heated from room temperature to 1100 oC
at 4 oC ·min−1. Once the furnace had reached 1100 oC, it was kept at this temperature for five hours
after which it was allowed to cool down to room temperature. The penetration depth of the oxide
into the silicon wafers was estimated by cross-sectional high-resolution scanning electron microscopy
to be 200 nm.

Substrate cutting and cleaning

Square substrates of approximately 1.5×1.5 cm2 were made from the wafers. Just before spin coating
a thin film, a substrate was cleaned in two steps. In the first step, organic residues and (dust) particles
were removed from the substrate by exposing it to a jet of super critical CO2 ice crystals. During
this process, the substrate was kept on a heated surface at approximately 250 oC by application of a
vacuum to the backside. This step took about two minutes per substrate.

In the second step, the substrate was transferred to an oxygen plasma cleaner (Harrick). The
plasma chamber was rinsed two times by first reducing the pressure inside the chamber to a value
below 10 mbar, and then venting the chamber with O2 until a pressure of approximately 900 mbar
was reached. The chamber was then brought to a vacuum below 1 mbar, after which a plasma of low
energy was created. The plasma – which could be observed by a faint purple glow – was maintained
for two minutes.

Spin coating

A micro fragment adapter (> 3 mm) was placed on top of the vacuum center chuck in a WS-400-
6NPP-LITE single wafer spin coater (Laurell Technologies). The substrate was released from the
plasma chamber and placed on top of the adapter. The substrate was held in place by applying a
vacuum to the backside of the substrate through the micro fragment adapter and center chuck.

An amount of 600 µl of solution 1 was placed on the middle of the substrate. Immediately
hereafter, the spinner was accelerated with 550 rpm · s−1 to 2500 rpm. After spinning for two
minutes, the spinner was decelerated with 550 rpm · s−1 until it came to a halt. The substrate was
quickly placed on a hot stage at 180 oC, where it was kept for about ten minutes.

Thermal treatment

The substrate with the (physical gel) film was placed in the laboratory chamber furnace at room
temperature. The furnace was heated with 4 oC · min−1 to 850 oC at which it was kept for three
hours. The furnace was subsequently allowed to cool to room temperature.
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3.3 Ways to analyze thin films

Thin films produced with the standard procedure were analyzed by three techniques: optical mi-
croscopy, atomic force microscopy (AFM), and X-ray diffraction (XRD). Additional techniques were
used to gain insights in the development and nature of thin films made by deviating from the standard
procedure. Although these results are not included in this chapter, descriptions of all analysis methods
used for obtaining the results discussed in this report are given in this section.

Topographical analysis

Topographical analysis of thin films was performed by a set of three techniques. First and foremost,
films were investigated with an Eclipse ME600 optical microscope (Nikon). Particularly dark field
images with a magnification of 50× gave a good first impression of the roughness of the films.

Most samples were analyzed in a Dimension Icon atomic force microscope (Veeco). Measurements
were conducted somewhere in the centre of the substrate over an area of mostly 5×5 µm2. Particularly
tapping mode AFM was used, but contact mode was used as well.

AFM height images give a clear idea of the morphology of thin films. Besides the qualitative
information height images offer, various quantitative information can be obtained as well. The root
mean square (RMS) roughness of films was calculated from AFM height images by an algorithm that
was built in the analysis software (Gwyddion 2.19). The equation used for calculating RMS roughness
values is given in Equation 3.1.

RRMS =

√√√√√ n∑
i=0

z2
i

n
(3.1)

RRMS: root mean square roughness
n: the total amount of height data points in a

single image (512× 512)
zi: the measured height at data point i, relative

to the lowest datapoint in the series

Selected samples were further studied in a CTR6000 high-resolution scanning electron microscope
(Leica). Samples were examined by both top views and cross sectional views. Cross sectional high-
resolution scanning electron microscopy (HR-SEM) images contain additional information about the
thickness of the films.

Crystallographic and compositional analysis

The crystallographic structure in thin films was studied on a PW 1180 X-ray powder diffractome-
ter (Philips). The ω − 2θ (gonio) or 2θ (glancing incidence) measurements were most frequently
performed. In both of these cases, the 2θ axis was scanned between 10o and 80o.

Although scan settings were changed frequently, most ω − 2θ scans were performed with a step
size of 0.05o (in 2θ), measuring five seconds per step. Most 2θ measurements were performed at
ω = 1.5o under continuous spinning of the sample (with a revolution time of 1 second). X-rays were
counted for ten seconds per step of 0.05o. The backgrounds of most spectra were subtracted by an
algorithm built in the analysis software (X’Pert HighScore Plus 2.1).

Elemental studies on selected thin films were conducted by both energy dispersive X-ray spec-
troscopy (EDX) and X-ray photoelectron spectroscopy (XPS). EDX was performed in the high-
resolution scanning electron microscope with an electron acceleration voltage of 10 k eV applied.
Acquisition times of 100 s (live-time) were used.

XPS was performed in a Quantera SXM scanning XPS microprobe (Physical Electronics) with
monochromatic Al Kα radiation. Areas were scanned with a beam size of 100 µm and specific points
with a beam size of 9 µm. The detector was aligned at 45o, relative to the substrate surface.
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3.4 A thin film from the standard procedure

Dark field optical microscopy and tapping mode AFM images of a thin film that resulted from the
standard procedure are included in Figure 3.1. These images show that the film is characterized by a
continuous layer from which circular areas – of about 1 µm in diameter – protrude. These protrusions
are on average not higher than 20 nm, but contain smaller projecting particles that can exceed 80 nm.

The development of protrusions

Regardless of their composition, the formation of protrusions is undesired in the process to make thin
films of SrRuO3. After all, the film roughness is drastically determined by the presence of this kind of
microstructure. Finding the cause of the development of protrusions may yield ideas for adaptations
to the standard procedure that may inhibit their formation.

To investigate at what stage protrusions were formed, films were studied during different steps in
the production process. Figure 3.3 shows images of a film after it was spin cast and kept on a hot
stage. The absence of microstructure on this film indicates that protrusions are formed during the
final step of the film forming process.

A possible explanation for the formation of protrusions is given in Figure 3.2. Metal species that
are released from the complexes can easily diffuse due to the low viscosity of the decomposing thin
film. Different particles that are released will interact with each other and will tend to combine in
order to reduce the total surface energy. Condition for this process to occur is that the metal cations
are either reduced to their elemental form or that combination of metal cations is accompanied by
incorporation of a counter ion (like O2 – ). Any simultaneous occurring crystallization events may
greatly add to the driving force behind the formation of the protrusions.

If this scenario is correct, the formation of the protrusions can be impeded in several ways. Adjust-
ing the solution composition to give more stable metal complexes for example, may lead to delayed
metal release after the decomposition of the polymer has completed. This way the viscosity of the film
will be significantly higher when crystallization takes place, compared to the case that crystallization
and depolymerization occur simultaneously. Another way is to control the depolymerization process
of the polymer by e.g. changing the heating rate, which will also effect the diffusion lengths inside
the thin film.

3.5 Reproducibility

In order to check the reproducibility of the standard method, new films were made. Figure 3.4 shows a
film made two months after that of Figure 3.1. In both cases, the standard procedure was followed as
good as possible and even the ages of the solutions were comparable. Nevertheless, clear differences
can be discovered between the two samples.

In the case of Figure 3.4, protrusions are significantly smaller and form a maze over the substrate.
Particles of high aspect ratios are still present, but are more uniformly dispersed over the area.
Several causes may have resulted in the poor reproducibility, like variations in the solution content or
atmospheric humidity. This matter will be pursued in greater depth in the following chapter.

a b

0 nm

60 nm

1 μmRRMS = 5.7 nm

c

28º

34º

15 µm 1 μm

Figure 3.1: Dark field 50× optical microscopy image (a), and tapping mode AFM height (b) and phase (c) images of a thin film made
by the standard procedure with a three days old solution.
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Figure 3.2: Simplified representation of a scenario for formation of protrusions, in which clustering of metal species is driven by a
reduction in surface energy. Diffusion of species is facilitated by the low viscosity of the decomposing thin film.

The development of surface undulations

The maze of protrusions in the thin film of Figure 3.4, bear much resemblance to two-dimensional sim-
ulations of decomposition at the spinodal of single phase fluid systems. [51] Similar thickness variations
on thermodynamically stable polymeric thin films were found previously. [52,53] Because the similarity is
so striking, a second scenario for the formation of protrusions is taken into account. In this scenario,
’spinodal-like dewetting’ is expected to cause the surface roughening observed in Figure 3.4(b).

The processes behind the formation of the surface undulations on stable polymeric thin films is
well understood. For these thin films, the beginnings of corrugation processes are related to thermal
fluctuations. [52] A similar explanation will possibly not apply in the present case. Most thermal
fluctuations are expected when the substrate is placed on the hot stage just after a thin film has been
cast atop. During the following thermal treatment, these fluctuations are thought to be minimized by
the comparatively small heating rate of only 4 oC ·min−1. If the corrugations would have developed
due to thermal fluctuations, this process would have most probably happened already on the hot
stage. However, Figure 3.3 already revealed that corrugations did not develop during this stage. The
more likely scenario is that the surface undulations originate from local composition variations in the
thin film that developed during decomposition of the organics. Decomposition of organics will lead
to density variations and eventually to film roughening.

Subsequent growth of surface waves has been explained by action of long range Van der Waals
forces. These forces can lead to amplification of the surface waves if they exceed the negative energy
that is created when species diffuse to the thicker parts of the film. [52] Van der Waals actions may also
have caused the growth of surface undulations in the present case, but again the process is thought
to be deviant.

When a surface is corrugated, a pressure gradient develops in the film described by the Young-
Laplace equation (3.2). The local increase in pressure at the convex regions can be reduced by
restoration of the flat surface or by delivery of species of lower surface energy from the bulk of the
film. If the latter process is dominating, corrugations will spontaneously grow.

If corrugations are indeed formed by a spinodal-like dewetting process, different measures are
conceivable to inhibit their formation. By slowing down the decomposition of organics, the mobility
inside the thin film is reduced and the formation of surface undulations is hindered. Besides, the

a b
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Figure 3.3: Dark field optical microscopy image (a) and tapping
mode AFM height image (b) of a film after solvent removal on
a hot stage.
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Figure 3.4: Dark field optical microscopy image (a) and tapping
mode AFM height image (b) of a thin film made by the standard
procedure with a solution being three days old. This thin film
was produced two months after that of Figure 3.1.
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atmosphere during the decomposition of organics will influence the tensions in the surface and will
contribute to the formation of surface undulations. Also the film thickness may influence the coarse
of fluid flow inside the thin film. The effects of changing parameters in the production process are
discussed in the next two chapters.

Pα − P β =
2γ
rm

(3.2)

P : pressure
γ: surface tension
rm: radius of curvature that is positive when it

lies within phase α
α/β: phase α/β
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Chapter 4

Understanding processes taking
place during thermal treatment

The analysis of the thin films described in previous chapter gave insights into their development.
These results also raised several questions, particularly on the changes that are induced at the thermal
treatment stage. Understanding of the processes that occur at this stage is a step forward in the
search for a method to produce smooth SrRuO3 thin films.

This chapter will focus on the processes that occur during thermal treatment. To gain extra
insights, thin films were produced by deviating from the standard procedure. In many of the cases,
deviations were made on various parameters. Full descriptions of all changes made with respect
to the standard procedure are not included in the text parts, but can be found in the captions of
corresponding figures instead.

4.1 The shape of protrusions and their relation with the an-
nealing temperature

Protrusions develop during the thermal treatment stage. More precisely, they are expected to develop
during the depolymerization process. The TGA results in Figure 2.4 imply that this process will have
completed before 500 oC is reached. In the standard procedure, thin films are exposed to a maximum
temperature of 850 oC. If the assumption is correct, protrusions have already developed at a lower
temperature. To verify this, thin films were annealed at 600 oC as well.

A resulting thin film is compared to thin films annealed at 850 oC in Figure 4.1. Films annealed
at 600 oC contain protruding features with both round and sharp edges. These protrusions are
considerably higher than those observed on thin films annealed at 850 oC. The sharp edges in these
features indicate that the material may be crystalline. On the films annealed at 850 oC, raised circular
areas exist. These areas have a considerably higher roughness than the surrounding film. From this
point, different designations will be used to discriminate between the two kinds of protrusions. The
features observed in image (a-c) will be called hills and the features observed in image (d-f) craters.

The absence of hills on the films annealed at 850 oC does not mean that no hills were formed
during annealing. The opposite may be true and explains the shape of the craters observed in these
images. A conceivable scenario is that hills were formed but decomposed between 600 oC and 850 oC.
The residue of the hills formed the craters.

In the previous chapter, two scenarios were introduced to explain the development of protrusions
in thin films. In a first scenario, protrusions are supposed to develop in the film due to diffusion
of particles that tend to combine in order to reduce the total surface energy. In a second scenario,
protrusions are expected to form by convection processes that are initiated by instabilities in the film,
resulting in undulations on the surface.
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Figure 4.1: HR-SEM and tapping mode AFM images of thin films annealed at 600 oC (a-c) and 850 oC (d-f). Image (a) and (d) are
HR-SEM top views and image (b) and (e) HR-SEM cross-sectional views. The color scale of the AFM images in (c) and (f) is nonlinear
in these cases. (The thin films were made from solution 1 of which pH was adjusted to 9 by adding 25 % w/w aqueous ammonium
hydroxide. The film viewed in (e) is different from that shown in image (d) and (f). The sample in (e) was made with a solution to

which no pH adjustments were made, containing polymer of 50, 000− 100, 000 g ·mol−1. This film was spin cast at 1500 rpm and
placed on a hot stage at 120 oC.)

The hills and craters observed in Figure 4.1 are randomly dispersed and do not indicate any relation
with surface waves. The scenario that protrusions were formed by diffusion is therefore more plausible
at least in these cases. This observation does not mean that no convection processes took place
during thermal treatment. Particularly in the case of the sample annealed at 600 oC, the surface
between the hills is roughened as well. Such roughening – which is most clearly observed in image
(a) and (c) – may have been driven by flow processes.

4.2 Comparison of the crystallinity of two films annealed at
different temperatures

The sharp edges typically found on the hills may indicate crystallinity. Comparison between X-ray
diffraction measurements conducted on samples annealed at 600 oC and 850 oC may therefore provide
additional information. Both ω − 2θ and 2θ measurements on thin films resulting from the standard
procedure did however not provide evidence for crystallinity inside these films. The reason may either
be because the films were too thin, or because (long-range) symmetry in the films was absent. To
produce thicker layers, films were processed by following a different approach.

Changing the procedure

Instead of using a hot stage at 180 oC, thin films for XRD measurements were exposed to significantly
higher hot stage temperatures of up to 550 oC. This way, not only solvent but also organic components
were removed directly after spin coating. This process occurred very violently, leaving a thick and
low-density film. Multiple layers were spin cast on top of each other before final thermal treatment
was applied. The HR-SEM image in Figure 4.2 was for instance obtained by spin casting eight layers,
placing the sample on a hot stage at approximately 550 oC between every new coating.

The layers produced by this method contained a substantial larger amount of material than those
made by the standard procedure. This difference was not only caused by the fact that more layers
were spin cast, but also by the high porosity of the film. Additional material was captured inside the
porous network during application of the subsequent coatings.
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500 nm

Figure 4.2: Film produced by spin coating
eight layers, placing the sample on a hot
stage at approximately 550 oC between ev-
ery coating. The film was finally annealed
at 850 oC for two hours.
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Figure 4.3: XRD spectra of two films annealed at different temperatures. The
spectrum that has its baseline at zero intensity (in red) was obtained from a
film consisting of ten spin cast layers. Between every coating, the sample was
placed on a hot stage at approximately 500 oC. The film was finally annealed
at 600 oC for three hours. The spectrum that is shifted up by 20 c · s−1

(in blue) was obtained by casting 17 layers by alternately spin coating a layer
and placing the sample on a hot stage at 550 oC. This film was annealed at
850 oC for two hours. Both spectra were obtained from ω − 2θ scans, with a
step size of 0.05o and a counting time of 5 s per step. The insets show the
position of diffraction lines of SrRuO3 and RuO2, based on reference [6] and
[54] respectively.

Resulting XRD spectra

The spectra of both a film annealed at 600 oC and a film annealed at 850 oC are presented in Figure
4.3. The spectrum of the film annealed at 850 oC (in blue) was shifted up by 20 c · s−1. These
spectra show that both films are essentially different. The film annealed at 600 oC contained mainly
RuO2 crystals, while the amount of SrRuO3 was negligible. On the contrary, the film annealed at
850 oC contained a considerable fraction of SrRuO3, together with RuO2. Besides, an unknown peak
appeared around 2θ = 40o.

The film annealed at 600 oC was post-annealed in a pre-heated microwave at 850 oC for one
hour. The XRD spectrum that was recorded (not shown) from this film did not show significant
differences with that recorded before post-annealing. This observation indicates that at least some of
the crystallization processes were characterized by low formation or decomposition rates of SrRuO3

or RuO2.

Taking a closer look at Figure 4.2 reveals that a thin dense layer was formed on the substrate. This
layer will have been attached more firmly to the substrate than the porous layer above. To remove
the porous film, the sample annealed at 850 oC was wiped cleaned with a cloth soaked with ethanol.
Afterwards, a new XRD spectrum was recorded (not shown). Interestingly, only a small RuO2 signal
remained, indicating that no SrRuO3 was formed near the substrate. The unidentified peak around
2θ = 40o was recorded as well, having similar proportions to that recorded in Figure 4.3.

4.3 Studies to the development of RuO2 and SrRuO3 versus
temperature and time

Even more information of the crystallization processes can be obtained if spectra are recorded during
annealing. Diffraction from the (110) plane of RuO2 is expected around 2θ = 28.0o, [54] and a
signal around 2θ = 32.2o indicates the presence of SrRuO3 (112)o. [6] These two signals are both the
strongest signals for the materials and are relatively close to each other on the 2θ axis. This property
facilitates XRD studies to the development of both phases during annealing.
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The measuring method

Twenty layers of solution 1 were coated on an oxidized silicon substrate with the hot stage set
to 260 oC. Without post-annealing, the sample was placed in a D8 discover X-ray diffractomer
(Bruker AXS) containing a DHS 900 domed hot stage (Anton Paar). An air flow of approximately
50 cm3 ·min−1 was guided through this dome.

The temperature inside the domed hot stage was increased to 350 oC at 0.17 oC · s−1. After
reaching this temperature, measurements were conducted by changing 2θ from 27.00o to 34.00o with
a step size of 0.05o and fixed ω of 5o. After measuring at 350 oC, the temperature was further
increased to 400 oC and new measurements were started. This way, twelve spectra were measured
up to a temperature of 850 oC, according to the procedure summarized in Table 4.1. Variables that
are not mentioned in this table, were unchanged with regard to those mentioned for measurements
conducted at 350 oC.

After the measurements at 850 oC were finished, the temperature of the hot stage was allowed
to decrease to 50 oC at a maximum rate of 0.17 oC · s−1. When this temperature was reached, XRD
measurements were conducted on the film again. The result of these measurements are termed α.
The sample was removed from the X-ray diffractometer and placed in the laboratory chamber furnace
at room temperature that was heated to 850 oC at 4 oC ·min−1. The furnace was kept at this
temperature for ten hours, after which it was allowed to cool to room temperature. The sample was
subsequently replaced in the X-ray diffractometer and a new measurement was conducted at room
temperature. The result of this measurement will be referred to as β.

Analyzing the results

Resulting spectra are included in a box plot in Figure 4.4(a). The spectra are colored red between
2θ = 27.0o and 28.5o and blue between 2θ = 31.0o and 33.0o. Signals in the red parts are caused
by presence of RuO2 crystallites, while the presence of SrRuO3 is demonstrated by signals in the blue
parts. The remainder of the spectrum is colored green and is considered noise.

Mean noise intensities were determined for every spectrum individually and subtracted from these
spectra. Thereupon, areas under the red and blue curves were determined using the trapezoidal rule of
Riemann summation. The areas that result from Riemann summation are indications of the amount
of a certain phase. The data resulting from these approximations are plotted in Figure 4.4(b).

The RuO2 data in Figure 4.4(b) can be divided into two regions: a region in which the amount
of RuO2 grows or remains unchanged and a region in which RuO2 decomposes. The data of the first
region was fitted with the Hill equation while the data of the latter region was approximated by a
linear curve. The SrRuO3 data was fitted by just the Hill equation. The Hill equation is given in
Equation 4.1.

Temperature range Temperature change be-
tween measurements

Measurement time Label

(oC) (oC) (s · step−1)

350− 450 50 15 -

475− 500 25 10 -

550− 850 50 7 -

50 - 20 α

27 - 20 β

Table 4.1: Measuring program to study the development of phases in temperature and time.
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y = base+
max− base

1 + (x1/2

x )rate
(4.1)

base: y value at x = −∞
max: y value at x =∞
x1/2: x at y = base+max

2

rate: rise rate

The development of RuO2 and SrRuO3

The results show that RuO2 had formed between 350 oC and 400 oC, while SrRuO3 started to form at
a significantly higher temperature of about 600 oC. The TGA results in Figure 2.4 indicate that RuO2

developed during decomposition of organics while SrRuO3 formed well after the main decomposition
processes had finished. Besides, the formation of RuO2 proceeded at a higher rate than the formation
of SrRuO3. Both phases stopped growing after a certain amount of phase had formed.

Previously, exothermic peaks in the DSC signal of Figure 2.4 were related to crystallization pro-
cesses. A peak at 346 oC was related to the formation of RuO2, and a peak at 845 oC to the formation
of SrRuO3. The first peak coincides well with the results of Figure 4.4, but the latter does not. The
average heating rate during the combined TGA and DSC measurements was higher than that of
the XRD measurements. SrRuO3 may have formed at a higher temperature during the TGA/DSC
measurements, because the formation of this material is limited by slow kinetics.

The areas below the peaks of both RuO2 and SrRuO3 reach a maximum of 14 c ·o ·s−1. These
signals are in both cases the strongest signals for the phases. For this reason, weight percentages
of RuO2 and SrRuO3 can be estimated by using relative intensity ratio (RIR) values. RIR values
give the intensity of a specific phase with regard to that of corundum when both phases would be
mixed in a one-to-one weight ratio. The RIR values found for RuO2 and SrRuO3 are 7.75 en 8.00
respectively. [6,54] Based on the chemical amount of the two phases, significantly more RuO2 than
SrRuO3 had probably developed during the experiments.

Preliminary formation of RuO2 was observed in other CSD approaches to make SrRuO3.e.g. [14,16,17]

RuO2 can even be obtained from sol-gel routes at temperatures below 300 oC. [55] These observations
form additional evidence that the energy barrier for the formation of RuO2 is lower than that for the
formation of SrRuO3 at low temperatures.

RuO2 disappeared after a temperature of approximately 600 oC was reached. The amount of
decomposed phase seemed to increase linearly with increasing temperature. The results indicated
with α and β though, show that the linear trend observed is not related to a temperature dependent
equilibrium.

In
te

gr
at

ed
 in

te
ns

it
y 

(c
·°(2

θ)
·s

-1)

Temperature (°C)
βα

0

400 500 600 700 800

2

4

6

8

10

12

14

ba RuO2 data
SrRuO3 data

34 400
600

800
α

β27
28

29
30

31
32

33

10
0

20
30
40
50

In
te

ns
it

y 
(c

·s
-1)

Temperature 

      (
°C)2Ѳ (°)

Figure 4.4: Figure (a) shows X-ray diffraction spectra measured between 2θ = 27 − 34o as a function of the annealing temperature.
Curves between 2θ = 27.0o and 28.5o indicate the presence of RuO2 (red), while curves between 2θ = 31.0o and 33.0o indicate the
presence of SrRuO3 (blue). The areas under these curves were determined and plotted in figure (b). The captions α and β on the
temperature axes are explained in the text of Section 4.3.
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Although RuO2 started to disintegrate at the moment SrRuO3 started to form, at least a con-
siderable part of the RuO2 phase was not included in the SrRuO3 phase during disintegration. After
all, between 750 oC and 850 oC RuO2 was still disappearing while the amount of SrRuO3 remained
unchanged. The disappearing of crystalline RuO2 can therefore not be simply explained by a transition
to SrRuO3.

4.4 The development of phases in thin films

Based on the XRD results, it seems plausible to believe that the hills observed in Figure 4.1(a-c) are
composed of RuO2. The film in these images was annealed at 600 oC, at which RuO2 was measured
to be the persistent phase. These measurements were based on thicker films though, that had been
formed by a different procedure. The assumption was taken as being true, since XRD measurements
on the single layer thin films that were annealed to 850 oC, did not expose any reasonable peaks.
However, final XRD measurements on thin films annealed at 600 oC revealed that the assumption is
incorrect.

A spectrum that was obtained from ω − 2θ measurements on such a film is presented in Figure
4.5. Apart from the annealing temperature, this film was made according to the standard procedure.
The three strongest peaks of SrRuO3 can be identified in the spectrum, whereas no peaks stemming
from RuO2 appeared. The initial assumption that hills consist of RuO2 was rejected, since it is now
believed that the hills may actually consist of SrRuO3.

The reason why SrRuO3 was detected in this case is supposed to be related to the thickness of the
film. The films from the standard procedure were significantly thinner than those made specifically
for XRD measurements. Bulk nucleation may have determined the crystallization in the thick and
porous films, whereas interface nucleation may have dominated in the thin films. Generally, the energy
barrier of interface nucleation is lower than that of bulk nucleation. The difference in barrier heights
depend on e.g. the surface energy [25] and will thus differ for RuO2 and SrRuO3. It might be that the
energy barrier for heterogeneous nucleation of SrRuO3 is lower than that of RuO2, while it is higher
for homogeneous nucleation. However, the cause remains a matter of conjecture.

4.5 Studies on the composition of thin films

Volatilization of Ru at temperatures exceeding 600 oC forms a plausible explanation for the disinte-
gration that is observed in the XRD spectra. In order to investigate whether ruthenium species could
have migrated into the gas phase, EDX and XPS measurements were conducted on selected films.
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Figure 4.5: XRD spectrum of a film that was made according to the standard procedure, with the exception that it was annealed at
600 oC. The spectrum was recorded in ω − 2θ mode with a step size of 0.05o and a counting time of 20 seconds per step applied.
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EDX analysis

The films that are shown in Figure 4.1(a) and (d) were both analyzed by EDX. Measurements were
conducted at different positions on these films. Measurements on the film of Figure 4.1(d) were for
instance conducted on a large crater, and on the layer between the craters. Analysis of the X-rays
emitted from these samples gave the results as presented in Table 4.2.

Ruthenium was only detected in the hills of the sample annealed at 600 oC. The measured absence
of this element on the film annealed at 850 oC, forms an indication that it had escaped. It might also
be that no ruthenium was found because the film thickness was below the measurable limits of EDX.
However, the measured carbon contents are in contradiction with this hypothesis.

The higher oxygen content measured on the hills compared to that measured in the film annealed
at 850 oC indicates that the hills contain metal oxides. A higher Sr content was measured on the hills
as well. This value can be questioned though, since the energy of the K radiation produced by Si
overlaps with the L radiation produced by Sr.

The results further prove that the carbon content in the hills and craters were relatively high.
Again, this observation is at odds with allegations made by Burrell and co-workers, who state that
decomposition leads to extremely clean thin films. [20]

XPS analysis

EDX collects data mainly from a few nanometers under the surface. To obtain more reliable numbers
for the contents of the surface, XPS measurements were conducted. The thin film that was studied
by XPS was produced by the standard procedure on a modified oxidized silicon substrate (as discussed
in Section 5.2.3). At this point, it is only important to know that the thin film was produced on a
modified substrate with an annealing temperature of 850 oC.

The results in Table 4.2 show that no ruthenium was present in the thin film, which forms another
indication of its volatility. Possible oxidation of this compound into extremely volatile RuO3 or RuO4

may form a possible pathway for its volatilization. Also, the increased vapor pressure due to the curved
interfaces of the crystallites may contribute to the volatility (as described by the Kelvin equation in
4.2). In contrast to the measured ruthenium content, a considerable amount of carbon was detected.

ln

(
pc

p∞

)
=
γ · Vm

R · T
·
(

2
rm

)
(4.2)

p: Vapor pressure
γ: surface tension
Vm: molar volume
R: gas constant
T : temperature
rm: radius of curvature (of the particle)
c: the curved surface
∞: the flat surface

4.6 Interfacial effects

The material in thin films is in close contact with both the substrate and the atmosphere. Interactions
at these interfaces can therefore make a major contribution to the final shape, crystallinity and even
composition of thin films. Two important interfacial effects are treated in this section.
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Sample Method Position scanned O Si C Ru Sr

atomic concentration (%)

a EDX On a hill 61.7 24.0 8.1 3.4 2.8

b EDX On a crater 44.8 45.0 9.5 0.1 0.7

b EDX On the smooth area between craters 47.5 51.2 0.7 0.1 0.6

c XPS On the middle of the film 58.3 15.4 11.9 0.0 14.4

Table 4.2: Summary of EDX and XPS results for three different films. Sample a was annealed at 600 oC and is the same as shown
in Figure 4.1(a-c). Sample b was annealed at 850 oC and is shown in Figure 4.1(d). The XPS results of sample c concern a survey
spectrum scan made with an X-ray beam of 100 µm in diameter. This sample was produced by first spin coating and annealing a Sr
precursor solution before spin coating the SRO solution as described in Section 5.2.3.

4.6.1 Processes occurring at the substrate interface

Though previous AFM images give an idea of the shape of films that are formed on oxidized silicon,
additional information can be obtained from cross-sectional HR-SEM images, as the one in Figure
4.6. The film shown in this figure was estimated to vary in thickness between 15 and 50 nm. The
interface between the substrate and film does not follow a straight line. For this reason, interdiffusion
processes are believed to have taken place between species in the substrate and the thin film.

Alkaline and alkaline earth metals are known to be prone to diffuse into glasses, disrupting the
Si-O network. Strontium falls in the group of alkaline earth metals and – as such – is classified as
a glass network modifier. Diffusion of Sr2+ may took place during thermal treatment, explaining
the unsharp interfaces observed in HR-SEM images. The material inside these regions is expected
to exhibit some degree of crystallinity, since restructuring of the atoms is facilitated in the disrupted
network. [56,57] However, no induced crystallinity was observed after ω − 2θ measurements on a film
that was made with just the strontium precursor solution.

4.6.2 The influence of water vapor

In the following chapter, the considerable influence of water vapor on the film forming process during
removal of the polymer is demonstrated by Bénard cells. Humidity is believed to be a major contributor
also to the low reproducibility of the thin films presented in the previous chapter. The reason is that
water may catalyze the depolymerization reaction of the polymer. The mechanism behind this reaction
is given in Figure 4.7.
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Figure 4.6: Cross-sectional HR-SEM image of
a thin film on oxidized silicon. The interfaces
are highlighted by red lines. (The sample was
made by a precursor solution containing polymer of
50, 000 − 100, 000 g ·mol−1, that was spin cast
at 1500 rpm.)
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Figure 4.7: Mechanism behind the depolymerization of polyethyleneimine, cat-
alyzed by water.
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Chapter 5

Controlling thin film growth

In the previous chapter, different processes are described that are expected to influence the film
forming process. A following step is to use this information and evaluate possible measures that may
lead to films of increased quality. Films are considered to be of high quality if they are dense, smooth,
and crystalline. Several approaches were evaluated with the goal to increase the quality of films with
regard to films produced by the standard method. The results of these approaches are discussed in
this chapter.

Since film roughening mainly proceeds during thermal treatment, an obvious starting point to
fight roughening is by introducing and evaluating changes made at this final stage. Various one and
two-step thermal treatment methods were evaluated and are discussed in the first section. Also the
stages before thermal treatment can be adjusted to control the nature of final films. Subsequent
sections treat the influence of the substrate and the solution on the quality of annealed films.

5.1 Changing the thermal treatment

5.1.1 One-step processing

Microwave annealing The formation of hills (that were observed in the samples annealed at
600 oC) may have been facilitated by simultaneous decomposition of the organic components. The
viscosity of the film at this stage will be influenced considerably by the rate at which organics are
removed. For this reason, the effects of rapid thermal annealing were investigated.

Fast firing experiments were effected in a MicroSYNTH Labstation (Milestone) by two approaches.
In a first approach, a sample was placed in the microwave furnace that contained sample crucibles
pre-heated to 850 oC. This temperature was maintained for 72 minutes, after which the microwave
furnace was allowed to cool to room temperature.
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Figure 5.1: Dark field optical microscopy and tapping mode AFM images of films annealed in a microwave furnace in a single step. The
thin film in image (a) and (b) was obtained by placing it in a pre-heated microwave furnace at 850 oC for 72 minutes. Image (c) and
(d) show a thin film that was obtained by placing a sample in a microwave furnace at room temperature that was subsequently heated
to 850 oC. The temperature was reached within 11 minutes by heating with 1000 W, and was maintained for 61 minutes.
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In a second approach, a sample was placed in the microwave furnace that was at room temperature.
Heating with 1000 W was subsequently applied until the sample crucibles reached a temperature of
850 oC. This took approximately 11 minutes. The crucibles were kept at this temperature for an
hour, after which they were allowed to cool to room temperature.

The topography of the films was analyzed by optical microscopy and AFM. The images are given
in Figure 5.1. Image (a) and (b) show the film that resulted from the first approach. In the second
approach, a film was formed that is shown in (c) and (d). The films were furthermore studied by
XRD 2θ measurements (not shown). No crystallinity was observed on the film that was annealed in a
pre-heated microwave furnace. Conversely, indications of SrRuO3 were found on the sample produced
by the other approach. The signal was very weak though, since the strongest peak – corresponding
to diffraction from the (112)o plane – did not exceed 4 c · s−1.

The film that was annealed in a pre-heated microwave furnace did clearly have a different topog-
raphy from the samples studied previously. The thickness of this film is not constant, and cracks
are observed on the thinner parts. This demonstrates the high rate at which organics were removed
during the process, leaving a film of low density. Free diffusion of the precursor species will have been
limited during this vigorous process, which may explain why no crystalline material was detected.
Clearly, this approach did not yield films of the desired quality.

Hills are seen on the film that was annealed by starting with a microwave furnace at room tem-
perature. These hills – with their sharp edges – look similar to those observed in Figure 4.1(a-c). The
fact that XRD gave indications for the presence of SrRuO3 indicates that these hills were composed
of this phase. If these hills are indeed similar to those observed previously, it is remarkable that the
hills were observed after annealing to a temperature at which they are believed to be unstable. This
observation may be explained by assuming that the formation of these hills took place during the
first minutes, before the annealing temperature was reached. Subsequent decomposition had then
proceeded gradually such that it was unfinished after the complete annealing. No matter what the
explanation for the formation of these hills is, clearly this kind of topography is undesired. Therefore,
rapid thermal annealing is not the solution to increase the quality of thin films.

Annealing in a confined space

Some of the films were covered with a porcelain boat (45 × 25 × 10 mm3) during annealing in the
chamber furnace. The reason to do so was that it was believed that the evaporation of ruthenium
could be suppressed or reduced in a confined space. Besides, the covering of the films was expected to
influence the decomposition behavior of the organics because exhaust gasses could not easily escape.

The experiments were conducted in different ways. In one particular case, two thin films were
annealed simultaneously under the same porcelain boat. Analysis of one of these films gave the images
given in Figure 5.2 (a) and (b). Another thin film was produced by a slightly different approach: only
one thin film was spin cast and placed under the boat. An amount of 200 µl of the solution was
placed on a different substrate and without spin coating, the solvent was removed on a hot stage.
This substrate was also placed under the boat. Resulting images of the spin cast film are presented
in image (c) and (d).
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Figure 5.2: Dark field optical microscopy and tapping mode AFM images showing two films annealed at 850 oC under a porcelain boat
(45× 25× 10 mm3). Further details are given in the accompanying text. (The thin film in image (c) and (d) was made with solution
1 of which pH was adjusted to 8.5 with a 25 % w/w aqueous ammonium hydroxide solution. During spin coating, this sample was

accelerated with 220 rpm · s−1. Also, a heating rate of 0.5 oC ·min−1 was applied between 200 and 400 oC.)
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The thin films produced were dissimilar to those treated previously. In both cases, the films are
characterized by having protrusions which are surrounded by cracks. If a line is drawn between two
protrusions, the cracks are situated at the middle of this line and are aligned perpendicular. The film
rupture observed at these places is believed to be a result of interfacial effects between the protrusions
and the decomposing thin film.

Having a root mean square roughness below 1 nm, the film in image (c,d) is extremely smooth.
On the other hand, protrusions that can reach up to 200 nm were detected on the other film.
These considerable differences are believed to be related to the gas phase composition during the
decomposition of organics. In another experiment, a droplet of PEI was placed on a separate substrate
and placed under a porcelain boat. A thin film – spin cast by the standard procedure – was placed
under this boat as well. After annealing at 600 oC, clear differences were observed between two sides of
the thin film (not shown). At one side, large protrusions were observed while smaller but significantly
more concentrated protrusions were formed on the other side. The partial pressure of ethenamine may
determine the depolymerization process to a large extent. The effect is believed to be comparable to
that of water vapor: the amine groups in ethenamine may catalyze the depolymerization process.

Although smooth films can be formed by following this approach, obtaining films of the desired
composition and good crystalline quality may still be challenging. XRD measurements on some
of the films did not indicate the presence of SrRuO3. Furthermore, the layers were found insulating
according to measurements with a digital multimeter (Peaktech). It is well conceivable that ruthenium
exists as the tetraoxide in the gas phase, which may not be reduced at the processing temperature.
Thermodynamic studies revealed that the gas phase reduction of RuO4 can only proceed spontaneously
at temperatures exceeding 1425 oC. [58]

5.1.2 Two-step processing

Removal of organics below the crystallization temperature In the standard procedure, re-
moval of the organics and crystallization is effected in a single step. The formation of hills is believed
to be a crystallization process that is facilitated by considerable diffusion lengths of precursor species.
These large diffusion lengths are the result of the considerable reduction in the viscosity of the film
during the depolymerization process. Thus, if the removal of the organic components and crystalliza-
tion can be separated into different steps, the formation of hills may be prevented or their dimensions
reduced.

In one approach, the organics were partly removed by slowly heating the films in air up to a
temperature below the expected crystallization temperature. This step was conducted in an open
tube furnace (RS 80/300/11 provided by Nabertherm) that was heated to 325 oC at 30 oC · h−1.
After reaching the desired temperature, it was kept for four hours.

In the following step, the remainders of the organic components were removed and crystallization
was intended. This step was performed in a pre-heated microwave furnace. The applied annealing
temperature ranged from 600 oC to 850 oC . Films were always annealed for 72 minutes.

The result of the first thermal treatment step is given by the AFM height image of figure 5.3(a).
No significant protrusions could be detected on this films. The slight film roughening is believed to
be caused by the concentration differences that were created during the decomposition of organics.
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Figure 5.3: Tapping mode AFM images showing a film after different stages of a two-step thermal treatment. Image (a) shows the
film directly after the first thermal treatment step that was conducted in an open tube furnace at 325 oC. The film was subsequently
placed in a pre-heated microwave furnace at 650 oC, in which the temperature was maintained for 72 minutes. The resulting thin film
is depicted in image (b). In a post-annealing step, the sample was kept in a chamber furnace at 850 oC (4 oC ·min−1) for ten hours,
resulting in the thin film shown in (c).
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Figure 5.4: Dark field optical microscopy and AFM images showing two films – in (a,b) and (c,d) – that were produced under the same
conditions in a two-step thermal treatment procedure. The films were produced apart from each other with solutions of a few hours old.
The first annealing step was conducted in air at 325 oC. The second annealing step was effected in a pre-heated microwave furnace at
850 oC. Although the entire procedure was the same, the resulting films clearly differ considerable in e.g. roughness. This illustrates
the poor reproducibility of this method.

The AFM image in Figure 5.3(b) shows that hills had developed during the second thermal
treatment stage. The particular image shows the result of annealing at 650 oC, but films of similar
topography were obtained after annealing at different temperatures (see e.g. Figure 5.4). After post-
annealing the film in a chamber furnace at 850 oC for ten hours, the hills had disappeared. Presence
of SrRuO3 was indicated by XRD measurements (not shown) on a film annealed at 600 oC, but not
on the film that was post-annealed. This forms another indication to suspect that the hills were
composed of SrRuO3.

This method does not yield the desired thin films and besides the reproducibility is poor. The
two films shown in Figure 5.4 are clearly different but were created following equal procedures. The
critical step is believed to be the insertion of samples in the pre-heated microwave furnace. During the
first seconds after the insertion, the film rapidly heats up to the annealing temperature. Supposedly,
small differences in how the samples are inserted can make large differences on the final topography.

It may as well be that the final topography – that is formed during the second thermal treatment
step – will already be determined during the first step. Sulphur pollution on thin films annealed in
different tube furnaces was found by both XPS and EDX measurements. Such pollution may have an
effect on the development of thin films.

Removal of organics in nitrogen gas atmosphere

In different attempts, organics were removed in a stream of pure nitrogen gas. The primary reason
to remove the organics in a nitrogen atmosphere was to hamper crystallization by the exclusion of
atmospheric oxygen. The expectations were that more of the organic constituents could be removed
by increasing the annealing temperature, without effecting (significant) crystallization events.

The first thermal treatment step was conducted in the tube furnace, through which a nitrogen gas
flow of 80 ml ·min−1 was guided. The outlet of this furnace (having an inner diameter of 5 cm) was
covered with a piece of aluminum foil in which five holes were pierced with a cocktail stick. Various
results proved the importance of covering the outlet in order to gain a desired gas composition
near the film. For the same reason, the temperature program was started after the furnace was
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Figure 5.5: Thin films that were thermally treated according to a two-step procedure, in which the first step was effected in a nitrogen
gas stream. Image (a) and (b) show dark field optical microscopy images of a thin film respectively before and after the second step in
the thermal treatment. Image (c) and (d) are tapping mode AFM height images of two different thin films. The film in image (c) –

which is equal to that in (b) – was heated in the first step at 50 oC ·min−1; the film in (d) was heated at 240 oC ·min−1.
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flushed for two hours with the gas stream. Different temperature programs were used, in which the
furnace temperature was increased to 500 oC at heating rates between 0.5 and 4 oC ·min−1. After
the furnace was held at the annealing temperature for 10 minutes, it was allowed to cool down to
room temperature. The second annealing step was performed in the microwave furnace, which was
pre-heated to 850 oC. Maximum four samples per run were kept at this temperature for 72 minutes.

Dark field optical microscopy images of the film before and after the second annealing step are
presented in Figure 5.5(a) and (b) respectively. The film was roughened after the first thermal
treatment step, but protrusions clearly grew during annealing in the microwave furnace. The AFM
image in (c) – which was produced after the second thermal treatment step – shows that protrusions
are situated everywhere over the film. Although still not ideal, the film was of better topographical
quality. No peaks were observed in XRD results though (not after ω − 2θ and nor after 2θ scans).

Films were also made with higher heating rates applied in the first step of the thermal treatment.
These films were of similar topography. Figure 5.5(d) for example shows an AFM image of a sample
that was heated to 500 oC with an almost 5 times higher heating rate applied compared to the film
shown in image (c).

Removal of organics in forming gas atmosphere

Although crystallization is believed to be hindered in a nitrogen atmosphere, crystallization processes
may still take place during removal of the organics. The reason is that oxygen may also be provided by
the oxidized silicon substrate or decomposing EDTA molecules. Therefore, the films made in nitrogen
atmospheres were also prepared in forming gas (N2 containing 4% v/v H2).

The reducing property of H2 may inhibit any crystallization processes. For example RuO2 is easily
reduced to metallic ruthenium according to the reaction: RuO2 +2 H2 −−→ Ru+2 H2O. Whether such
reactions can proceed depends on the temperature and partial pressure of the H2 gas. RuO2 will e.g.
be reduced in 1% H2 in N2 already at 150 oC. [59] Also SrRuO3 can reduce in oxidizing atmospheres
into a microcrystalline mixture of metallic Ru, water and SrO. [2]

AFM and optical microscopy images of thin films after the second thermal treatment stage are
given in Figure 5.6. The AFM image in (a) shows a completely different topography compared to
the images treated before. A maze of material is protruding from the layer beneath. This kind of
topography might have developed due to unbalanced tensions in the film by processes similar to those
causing Bénard cell formation. Generated water in reduction processes may have caused the tensions
to become unbalanced.

The optical microscopy images in Figure 5.6(b) and (c) show films after the second thermal
treatment, of which organics had been removed at different rates in a first step. Image (b) was
obtained from a film that was heated to the annealing temperature at 50 oC · h−1, and image (c)
from a film that was heated at 240 oC · h−1. The film that was heated more rapidly did contain large
protrusions, showing that low heating rates in the first step are beneficial for the quality of the films.
The fact that these protrusions are observed may indicate better diffusion, that is also expected in
the film that decomposed at a higher rate.

Two films formed by this approach were studied by 2θ XRD measurements (not shown). Though
very weak, broad peaks were observed at the positions of the two strongest RuO2 peaks. Presumably,
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Figure 5.6: Thin films that were thermally treated in two steps, of which the first was effected in a forming gas stream. The dark
field optical microscopy pictures in (b) and (c) show thin films annealed in forming gas at 500 oC with heating rates of respectively

50 oC · h−1 and 240 oC · h−1 applied. Image (a) shows a tapping mode AFM image of the film in (b).
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Figure 5.7: Image (a) contains a dark field optical microscopy image showing cellular patterns that were typically encountered when
annealing was performed in humid atmospheres. Image (b) and (c) respectively show tapping mode AFM images of the inner part of a

cell and the cell edges. The sample shown in this image was produced by annealing a film to 350 oC for six hours at 0.5 oC ·min−1

in a stream of forming gas that was led through water.

the undesired RuO2 phase formed during the annealing process. This might be explained by a different
nature of the precursor species, that may have been reduced by H2. The uncertainty about whether
the desired phase had formed, and the considerable roughness measured on the films, seem to also
make this procedure unsuitable for the formation of SrRuO3 thin films.

Removal of organics in gas flows bubbled through water

Prior to entering the tube furnace, the gasses were in some cases guided through a bubbler containing
water. That this did not lead to smooth films can be observed in Figure 5.7. Although these images
particularly show a film that was annealed in forming gas at 350 oC, similar patterns were observed
on samples that were annealed at a higher temperature or in ’pure’ nitrogen gas. The patterns had
formed during the first annealing step.

The reason why such patterns are formed in humid atmospheres may be attributed to the catalytic
action of water in the depolymerization process of the polymer. Since water molecules are mainly
situated at the interface between the film and gas, depolymerization will mainly proceed at the
surface and a concentration gradient develops in the direction perpendicular to the film surface. The
tensions in the film become unbalanced and convection in the direction of the higher tension regions
on the surface will commence (Marangoni convection). This flow pattern may further be enhanced
by a temperature gradient (buoyancy driven) developed due to the (endothermic) evaporation or
decomposition processes taking place near the film surface.
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Figure 5.9: 2θ XRD spectra of different layers of SrRuO3 on YSZ. The
spectrum that has its baseline at zero intensity (in red) is that of the poly-

crystalline YSZ substrate. The spectrum that is shifted up by 20 c · s−1

(in blue) was obtained by scanning a sample on which a first layer was
deposited. After casting the seventh layer on this sample, the final spec-
trum (in orange; shifted up by 60 c · s−1) was obtained. The diffraction
line positions of SRO and YSZ given above the spectra are based on
reference [6] and [60] respectively. The Miller indices for the planes of
SRO were converted to that of the pseudo-cubic lattice. The inset shows
a rocking curve made on the seven layered sample at 2θ = 32.4o with
a step size of 0.03o measuring 3 s · step−1.
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Figure 5.10: Optical microscopy images of a polycrystalline YSZ layer containing a different number of spin cast SRO layers. Image (a)
and (b) respectively show a bright field 5× and a dark field 50× magnification of the YSZ film. Image (c) and (d) show dark field 50×
magnifications of respectively one and six spin cast SRO layers.

5.2 Changing the substrate

5.2.1 Films on polycrystalline YSZ substrates

Polymer-assisted deposition has been used mainly to form hetero-epitaxial thin films. Its strength
therefore seems to lie within epitaxial growth processes. Burrell et al. describe polymer-assisted
deposition as a bottom-up growth process in which “the influence of the lattice is emphasized to the
extreme”. [20]

Epitaxial growth of SRO on YSZ is possible, but does not proceed by simple 45o cube-on-cube
stacking of (100)p SRO on (100) YSZ. The compressive strain that would be induced by the mismatch
of 8.1 % is believed to be too large. Instead, SRO can grow with the (110)p plane parallel to the
(100) plane of the substrate. Rectangle-on-cube epitaxy is possible by orientation of the SRO plane
by ±9.75o relatively to the [010] and [001] directions on the substrate. These four degenerate
conformations are visualized in Figure 5.8. The mismatch of this conformation is −6.3 %. [61,62]

YSZ substrates were prepared on boron doped p-type CZ-silicon (001) wafers (Okmetic) by sol-gel
deposition. Optical microscopy images of one such substrate are shown in Figure 5.10(a) and (b).
Outside of the cracks, these films were extremely smooth (RRMS = 0.5 nm). The substrate was
inspected by XRD and showed to be of polycrystalline nature. Thus, only small parts of the substrate
could function as a template for the growth of SRO.

The standard procedure was followed to create thin films on the substrates. The only change
made was that films were annealed at 700 oC for one hour in the chamber furnace. Eventually seven
layers had been spin cast on one substrate by continuously repeating this procedure.

Glancing incidence XRD spectra of the substrate, one spin cast layer, and seven spin cast layers
are given in Figure 5.9. These spectra clearly show the development of an SrRuO3 phase on the
substrate. No signs of other phases were detected in these spectra. The fact that an SRO phase
was detected with the 2θ scan mode, indicates that the phase had little or no texture. To find out
whether the layer had any preferred orientation with respect to the substrate surface, a rocking curve
was recorded at 2θ = 32.4o. The blunt curve – as shown in the inset of Figure 5.9 – indicates that
the SRO (100)p plane was not preferentially aligned parallel to the substrate surface.

Both the YSZ and SRO spectra are shifted to higher angles. The fact that similar shifts were
observed in ω−2θ scans while the position of the Si(004) peak had not shifted proves that the lattices
were indeed compressed compared to literature values. As a matter of fact the measured shifts are
small, since the corresponding spacing between planes differs only a few ångströms with the indexed
unit cells.
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Figure 5.11: Tapping mode AFM height images of respectively one, two, four, and seven spin cast SrRuO3 layers on YSZ.
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The topography of the films is revealed by the optical microscopy and AFM height images of
Figure 5.10 and 5.11, respectively. The AFM images show that no smooth layer, but islands were
formed. These islands grew and coalesced when more layers were deposited. Islands were formed
probably because the barrier for (interface) nucleation will have been higher than that for crystal
growth. This explanation was also used to explain the origin of hills on oxidized silicon substrates.
However, in the latter case a continuous film was observed as well. An explanation for this difference
may be that diffusion of Sr2+ did occur in the oxidized silicon substrates. Due to this process, the
film composition changed significantly and full crystallization into SrRuO3 could not proceed.

No conductivity was measured in the film consisting of seven spin cast layers during measurements
with the digital multimeter. Conductance properties are believed to be severely affected at the grain
boundaries of the SrRuO3 crystallites. The fact that even seven spin cast layers did not form a
conductive film proves that the goal could not be reached by this procedure.

Films were annealed at 500 oC as well (not shown). A scratch was made on these film prior to the
thermal treatment. No height differences were observed between the space between the islands and
the scratch, indicating that no (significant) material had deposited between the islands. The widths
of the islands were measured in the AFM image. The islands in Figure 5.11(a) were determined to
have base widths of 0.7 ± 0.3 µm. The islands on the film annealed at 500 oC showed considerable
smaller islands of 0.3±0.2 µm (RRMS = 28 nm). The reason may be that crystallization events took
place at lower temperatures on the film annealed at 500 oC. Consequent higher driving forces may
have resulted in that more nucleation events had occurred. Another film was made at 500 oC, but
with a heating rate of only 1 oC ·min−1 applied (not shown). The roughness of this film was higher
than that prepared at 4 oC ·min−1 (RRMS = 38 nm).

5.2.2 Films on sapphire and platinum

Sapphire and platinum substrates were also used to form thin films on. Diffusion of Sr2+ will not
proceed in these substrates, which was one of the reasons to study the film forming processes. The sap-
phire (α−Al2O3) substrate (TBL-Kelpin) that was used was single crystalline, having the (001) plane
at the surface. Platinum (13 nm) substrates were made on silicon wafers, coated with a (100 nm)
titanium adhesion layer. The standard procedure was used to create films on these substrates.

AFM height images of a film on platinum and sapphire are presented in Figure 5.12 (a) and (b),
respectively. The film height on platinum substrates varied significantly over the scanned area. The
difference in height between the lowest parts and the highest parts of the film was nearly 150 nm. No
phases could be resolved from the XRD spectrum.

Films on sapphire had a relatively smooth layer from which parts protruded. Some of these
protrusions showed sharp angles of 90o or 60o, indicating crystallinity. The features defined by angles
of 90o (called plates) seemed to be in majority with respect to the pyramidal shaped protrusions.
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Figure 5.12: Tapping mode AFM height images of films deposited on
platinum (a) and sapphire (b) substrates.
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Figure 5.13: XRD spectrum of a film deposited on
sapphire (001). (ω − 2θ scan with a step size of

0.05o, measuring 40 s · step−1.)
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Interestingly, the surface of these plates was aligned parallel to the substrate surface. This can not
be explained by epitaxy, because the plates were randomly oriented.

An XRD ω − 2θ scan of the film on sapphire contains a series of peaks that can all be described
by d · n = 7.10 Å (with n an integer). Note that this value is close to the ⇀c-lattice constant of
orthorhombic SrRuO3. It might thus be that the plates consist of SrRuO3. However, it is well
conceivable that the plates consist of an other material, like strontium oxide (that has (101) planes
that are separated by 3.49 Å.)

The films that had formed on both substrates are not of the desired quality. Both films have a
roughness that is too high. Besides, the presence of SrRuO3 forms a matter of debate. Nevertheless,
these results show that film topography and crystallography can be controlled by the substrate.

5.2.3 Modifying oxidized silicon substrates

Diffusion of Sr2+ inside the oxidized silicon substrate is believed to change the stoichiometry of the
film. One way – other than substituting the substrate – is to modify the substrate. In this context, a
film of the strontium precursor solution was spin cast and annealed on an oxidized silicon substrate.
The cations in this layer were expected to diffuse into the substrate and form a buffer against further
diffusion of Sr2+. Subsequently, precursor solution 1 was spin cast onto this substrate.

The buffer layer was characterized by tapping mode AFM (Figure 5.14) and was found very
smooth. An XRD ω − 2θ scan of the modified wafer revealed no peaks other than from silicon.

As can be seen from image 5.15(c), film roughening was limited after deposition of the SRO
precursor solution. The corresponding optical microscopy images in (a) and (b) showed a remarkable
result. On one edge of the films, circular patterns were observed that grew in quantity and coalesced
in the direction of the opposite side.

In order to unveil the chemical composition of these patterns, XPS studies were performed on
these dots and in regions between the dots. The results of this experiment are summarized in Table
5.1. The nature of the dotted structure could not be revealed by these studies. Regardless of the
position on the film, no significant quantity of ruthenium was measured.

Circles of similar dimensions were observed on films that were cast on buffered substrates and
annealed in two steps (not shown). The patterns were already visible after the first annealing step,
that was conducted under either pure nitrogen or forming gas atmosphere. Different from the film
annealed in a single step, the dots were randomly dispersed over the entire surface. AFM images
of the films after the second annealing step did not show considerable differences with regard to the
samples that were made accordingly on non-modified oxidized silicon substrates.

XPS measurements were conducted also on one of the films made by the two-step thermal treat-
ment (see Table 5.1). Again, no significant compositional differences were observed between the dots
and the layer in between the dots. No silicon was measured, indicating that this sample was – on
average – thicker than that produced by the single-step thermal treatment. Ruthenium was detected
in this case, which may be explained by the fact that the film had been exposed to the annealing
temperature of 850 oC for a shorter amount of time. No conductivity was measured in the film.
Apparently, no SrRuO3 thin films can be formed by this approach.

0 nm

3 nm

1 μmRRMS = 0.38 nm

Figure 5.14: AFM height image of
a buffer layer of strontium species
on an oxidized silicon substrate.
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150 µm

b

150 µm

c

0 nm

30 nm

1 μmRRMS = 3.4 nm

Figure 5.15: Dark field optical microscopy and tapping mode AFM height images of a film on
an oxidized silicon substrate that was modified with strontium. The 5× optical microscopy
images in (a) and (b) were taken respectively on an edge and on the center of the film. The
AFM scan that yielded image (c) was performed on a position at the center of the film.
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Sample Position scanned O Si Ru Sr

atomic concentration (%)

c on a dot 65.2 24.0 0.07 10.8

c between dots 64.5 22.7 0.07 12.5

d on a dot 76.2 0.0 6.1 17.8

d between dots 77.0 0.0 7.2 15.9

Table 5.1: Summary of XPS results for films that were coated on oxidized silicon substrates that had been enriched with strontium.
Sample c was prepared by following the standard procedure. Sample d was prepared following the two-step method, of which the first
step was performed in forming gas atmosphere at 500 oC (50 oC · h−1). The second step was performed in a microwave furnace
pre-heated to 850 oC and kept at this temperature for 72 minutes.

5.3 Making changes to the solution

5.3.1 Using the alternative solutions

In Section 2.6, other solutions were described that could be used instead of the standard solution.
Thin films were spin cast from these solutions in order to find out if the final topography can be
controlled by the chemistry of the precursor solution.

AFM images of films made from the alternative precursor solutions are presented in Figure 5.16.
Image (a), (b) and (c) were respectively measured on samples spin cast from solution 2a, 2b, and
3. In the following, thin films made from the different solutions are not compared in high detail. The
reason is that generally multiple variables are influenced by changes that are made to the solution. If
for instance an other complex is used, solution properties like the pH, (thermal) stability, and viscosity
may change.

Although the thin films do clearly differ from each other, the presence of protrusions on the surfaces
is shared by all. Evidently, the formation of protrusions can therefore not simply be suppressed by
achieving a better intermixing of the metal cations – as was attempted by application of solutions 2a
and 2b.

The film produced from precursor solution 3 was found to have the lowest roughness. The
concentration of precursor species in this solution was approximately one eight of that in solution 2a
and 2b. This may explain why this film was more even than those prepared from the other solutions.
Different attempts were made to increase the solubility of alternative Ru precursor complexes, but
without success. Therefore, these complexes were unsuitable for polymer-assisted deposition.
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0 nm

18 nm

1 μmRRMS = 1.4 nm

b

0 nm

70 nm

1 μmRRMS = 6.4 nm

a

0 nm

40 nm

1 μmRRMS = 4.2 nm

Figure 5.16: AFM images of films made with solution 2a (a), 2b (b), and 3 (c). (Because the concentration of precursor species in
solution 3 was low, this solution was spin cast at 1500 rpm for one minute.)
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5.3.2 Two approaches to change the solutions viscosity

The effect of changing the solution viscosity was studied by following two different approaches. In a
first approach, solvent was evaporated in a vacuum oven at 50 oC and approximately 100 mbar. After
some hours, the solution was retrieved from the oven and its viscosity was measured (4.2 mPa · s). In
a second approach, polyethyleneimine chains of different molecular weight (compared to those used
in the standard solution) were used.

Selected images of the first and second approach are presented in Figure 5.17 and 5.18, respectively.
After solvent removal, clearly larger protrusions were observed than in corresponding images made
with a solution of lower viscosity (Figure 5.4). Also in the case that higher molecular weight polymeric
species were used, larger protrusions were observed. This is believed to be related to the higher film
thickness that is produced with solutions of higher viscosity.

The approaches that were evaluated in this chapter did not have the desired effect on the film
forming processes. In no case, conductive thin films of SrRuO3 had formed. Apparently, the film
forming processes are complex and difficult to control.

b

0 nm

300 nm

1 μmRRMS = 42 nm

a

15 µm

Figure 5.17: Optical microscopy (a) and tapping mode AFM
height image (b) showing a film that was produced from a
solution having a viscosity of 4.2 mPa · s. The film was made
according to the same method that was used to produce the
films in Figure 5.4.
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Figure 5.18: Contact mode AFM images of films made from
solutions containing PEI molecules of 600 g ·mol−1 (a) and

50, 000−100, 000 g ·mol−1 (b). (Films were made according
to the standard procedure, but with the hot plate temperature
set at 120 oC and 300 µl solution added.)
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Chapter 6

Conclusions and outlook

Conclusions The formation of SrRuO3 thin films on arbitrary substrates was not as favorable as was
expected from considerations of the currently available literature on polymer-assisted deposition. Two
possible causes may explain why no conducting SrRuO3 thin films were formed during the attempts.
The first possible cause can be found in the stability of the compound, of which ruthenium volatilizes
already at a temperature of 850 oC. The second possible cause is related to the deposition method,
that may (for most cases) require epitaxial substrates.

Protrusions were regularly observed on prepared films, and had developed during the thermal
treatment. These protrusions are supposed to be the result of nucleation and growth of crystallites.
Diffusion lengths inside the films are expected to be considerable during these processes, because the
viscosity of the films will significantly decrease due to the decomposition processes. This property
– that is supposed to contribute to the success of PAD for epitaxial growth processes – may be
detrimental when films are formed on substrates that can not act as a template.

The marked topographical and compositional differences observed between films annealed at
600 oC and 850 oC, is explained on the basis of the stability of SrRuO3 crystallites. The protru-
sions that were observed after annealing at 600 oC are believed to be SrRuO3 crystallites. These
protrusions were unstable at the high processing temperatures, which is expected to be related to
the high curvature of the small crystallites. The different crystallization behavior between films pro-
duced from the standard procedure and multi-layer films may be explained by differences in the energy
barriers of bulk and interface nucleation for SrRuO3 and RuO2, at the annealing temperatures applied.

Making changes to the film production procedure did not have the desired effects on the thin film
quality (i.e. no conductive dense thin films, that were of appreciable roughness and contained crystalline
SrRuO3, were obtained). However, some changes clearly effected the final thin film microstructure.
Compared to the standard procedure, smoother films were produced when e.g. annealing was applied
in a confined space or when oxidized silicon substrates modified with Sr2+ were used. However, no
presence of SrRuO3 was detected in these layers and besides the films were insulating. The results of
the various attempts illustrate the challenge of forming SrRuO3 thin films on substrates that can not
act as template during the deposition process.

Outlook

Since adaptations to the thermal treatment did not have the desired influence on the film forming
processes, other possible measures should be further exploited. One such measure can be to take
more effort to find alternative precursor complexes. If more stable complexes can be formed, release
of the metal species may be delayed to higher temperatures, below which major organic decomposition
processes have finished. The species are then supposed to be able to travel over shorter distances,
and form crystallites that are flatter. The challenge of this approach should not be underestimated:
finding and synthesis of new Ru and Sr precursor complexes that are extremely stable, soluble in the
solvent system, and release the metals at analogous temperature, may be an impossible task.
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Although thin films can not be obtained from the precursor solution, patterning of the solution is
still an option. First results on patterning experiments proved that line patterns can be obtained from
the standard solution. These preliminary results are a promising starting points for further research.

The formation of films on single crystalline substrates of desired lattice constants (e.g. YSZ (100))
may also be studied. According to the assumptions, smooth layers of good epitaxial quality can be
produced on such substrates.
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Appendix A

Synthesis procedures for
alternative precursor solutions

A.1 Intermixing Sr(II) and Ru(III) species (solution 2)

Approach 1 A ruthenium precursor solution was made according to the procedure described on
page 13. One adaptation was made to this procedure: the amount of added RuCl3 · 3 H2O was halved.
224 mg (0.76 mmol) EDTA was added to this solution after which vigorous stirring was continued for
twenty minutes. 160 mg (0.75 mmol) Sr(NO3)2 was subsequently added and the resulting solution
was moderately stirred for three days.

After these days the dark brown solution still contained fine dispersed solids. A 25 % w/w aqueous
ammonium hydroxide solution was added to the solution until a pH of 4.3 was reached. The solution
was additionally stirred for 24 hours.

Approach 2

A solution of 500 mg branched PEI (10, 000 g ·mol−1) in 2.5 ml water was prepared. After 224 mg
(0.76 mmol) EDTA had completely dissolved in this solution, 160 mg (0.75 mmol) Sr(NO3)2 was
added. The solution was stirred for 30 minutes. The acidity of this solution was adjusted by adding
37 % w/w hydrochloric acid until pH fell just below 5.

A solution of 196 mg (0.75 mmol) RuCl3 · 3 H2O in 2.5 ml water was prepared twenty hours before.
Meanwhile it had been stirred moderately. Within this timeframe, soluble oligomers are thought to
form due to hydrolysis with water molecules. [63] Aging of the RuCl3 solution was essential to inhibit
precipitation upon addition to the polymeric solution. The solution was added in drops to the other
solution in approximately fifteen minutes.

A.2 Supramolecular solutions of PEI and tris-(4,4’-dicarboxy-
2,2’-bipyridine)-ruthenium(II) complexes (solution 3)

Synthesis of 4,4’-dicarboxy-2,2’-bipyridine In a 50 ml three-necked round-bottomed flask con-
taining a magnetic stir bar, 45 ml sulphuric acid (96 %) were added. The flask was heated in an oil
bath to 70 oC while stirring the solvent at ∼ 500 rpm.

An amount of 2.0 g (10.7 mmol) 4,4’-dimethyl-2,2’-bipyridine was added and stirring speed was
increased to ∼ 1000 rpm. Without external heating, 9.6 g (32.3 mmol) potassium dichromate was
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added in small portions during 30 minutes. The temperature was kept between 65 and 90 oC; cooling
was applied when the reaction temperature exceeded 80 oC. After all potassium dichromate was
added, vigorous stirring of the mixture was continued until its temperature reached 40 oC.

The deep green solution was poured over 300 ml ice water with additional external cooling. This
mixture was filtered by vacuum filtration using quantitative filter paper (Whatman; particle retention
2.7 µm). The residue was washed with water until the water was no longer discolored. The resulting
light yellow solid was further purified by refluxing it in 70 ml nitric acid (65 %) at 124 oC for 4 hours.

The solution was poured over ice, diluted with 400 ml water and cooled to 5 oC. The precipitate
was filtered by vacuum filtration through quantitative filter paper (Whatman; particle retention 7 µm)
and washed with 5×20 ml water and then with 2×10 ml acetone. The solid was collected on a petri
dish, covered, and placed in an oven heated to 90 oC. The solid was allowed to dry overnight after
which it was ground. The resulting fine white powder (2.2 g, 84 %) was stored in a 10 ml screw cap
vial. This procedure is based on one proposed by Oki and co-workers. [64]
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HNO3

Figure A.1: Synthesis of 4,4’-dicarboxy-2,2’-bipyridine from 4,4’-dimethyl-2,2’-bipyridine.

Synthesis of tris-(4,4’-dicarboxy-2,2’-bipyridine)-ruthenium(II)dihydrate (RuLL3 · 2 H2O)

An amount of 30 ml reagent grade N,N’-dimethylformamide (DMF) was added to a 250 ml three-
necked round-bottomed flask fitted with a reflux condenser, magnetic stir bar and gas inlet. From
this point, the flask was continuously flushed with a small flow of nitrogen gas.

261 mg (1.0 mmol) RuCl3 · 3 H2O was dissolved while stirring at ∼ 500 rpm. After 15 minutes
of stirring, another 30 ml of DMF was added. The flask was completely wrapped in aluminum foil
to prevent possible trans isomerization of the bis-complex. [65] Trans isomerization of the bis-complex
will inhibit the formation of the tris-complex.

An amount of 879 mg (3.6 mmol) 4,4’-dicarboxy-2,2’-bipyridine was added to the solution and the
stirring speed was increased to 1000 rpm. The flask was immersed in an oil bath of 180 oC. Aliquots
of the reaction mixture were transferred to a 110-QS quartz cuvette (Hellma), diluted with ethanol
and analyzed with a Cary 50 UV/Vis spectroscope (Varian). After 5 hours, the spectrum showed
maxima at 567 nm, 411 nm and 317 nm having relative intensities of 1:1.18:2.81. These values lie
close to those reported for the bis-complex. [65] To obtain the tris-complex, 12 ml of a 0.5 M aqueous
sodium hydroxide solution was added. Deprotonation of the carboxyl groups occur, yielding more
basic ligands. Refluxing was continued for 15 hours.

The oil bath was removed and the reaction mixture was allowed to cool for 1 hour without addi-
tional cooling. Vigorous stirring was maintained during this process. The solution was concentrated
to ∼ 20 ml by placing the flask in a vacuum drying oven (Binder) pre-heated to 110 oC. The pressure
inside the oven was reduced to 200 mbar. After 2 hours, the temperature was increased to 120 oC
and pressure was reduced to 10 mbar.

The solution was cooled to room temperature and filtered on a sintered glass crucible. The dark
orange filtrate was washed five times with 10 ml DMF and two times with 4 ml diethyl ether. The
solid was placed in an Erlenmeyer flask and recrystallized from ∼ 100 ml diethyl ether and ∼ 100 ml
methanol. This solution was filtered using a sintered glass funnel. The filtrate was collected on a
Petri dish, covered, and placed on a hot plate set to 100 oC. The solid was allowed to dry for 2 hours
(0.86 g).

The solid was placed in a 100 ml flask containing 90 ml water. To remove unreacted ligands, the
solution was filtered through a glass funnel containing a quantitative filter paper (Whatman; particle
retention 7 µm). The residue was collected in a 250 ml round-bottomed flask and pH of this solution
was taken to 2.5 by addition of a 0.1 M hydrochloric acid solution. The solution was vigorously mixed
by swirling the flask for 2 minutes. The flask was subsequently allowed to stand for 20 hours at 1 oC,
during which precipitation took place.
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A pasteur pipette was used to remove the light yellow aqueous solution, leaving the dark orange
sediment inside the flask. The content of the flask was subsequently filtered by vacuum filtration using
HA-type filter paper (Millipore; particle retention 0.45 µm). The residue was rinsed with 5× 1.5 ml
aqueous hydrochloric acid with a pH of 2.5. The resulting clay-like solid was collected on a Petri dish,
covered, and placed on a hot plate set at 100 oC. After 3 hours, the solid was ground and collected
in a 5 ml screw cap vial (0.559 mg, 64 %). The procedure is based on one proposed by Nazeeruddin
et al. [66]

Synthesis of the SRO precursor solution

A quantity of 82 mg RuLL3 · 2 H2O was dissolved in a mixture of 600 µl water and 100 µl 25 % w/w
aqueous ammonium hydroxide solution. An amount of 57 mg branched PEI (10, 000 g ·mol−1) was
added and stirred for one hour. 312 µl strontium precursor solution – made following the procedure
on page 13 – were added. The resulting solution was stirred moderately for one hour. Before spin
casting this solution, it was filtered through an FP 30/0.8 CA filter unit (Whatman; particle retention
0.8 µm).

A.3 Blocking Ru co-ordinating sites with 2,2’-bipyridine (solu-
tion 4)

A quantity of 30 ml reagent grade N,N’-dimethylformamide was added to a 250 ml round-bottom
flask equipped with a reflux condenser, magnetic stir bar and nitrogen gas inlet. The solvent was
continuously stirred and flushed with a gentle N2 stream. 261 mg RuCl3 · 3 H2O (1.0 mmol) were
dissolved while stirring at ∼ 550 rpm. After fifteen minutes, another amount of 30 ml DMF was
added.

To this solution, 167 mg 2,2’-bipyridine (1.05 mmol) were added and the stirring speed was dou-
bled. The flask was immersed in an oil bath set to 180 oC. The mixture was refluxed for three
hours after which a dark purple solution was obtained. It was subsequently allowed to cool to room
temperature by removing the oil bath and without external cooling. The solvent was extracted in a
rotary evaporator, after which the solid was collected and stored without further purification.

An aliquot of 23 mg of the solid was added to a solution of 500 mg PEI in 2.5 ml water. The
solution turned peach-orange after seconds, but even after two days the solid had not completely
dissolved.
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