Chapter 2
Carboxylate Based Precursor Systems

Theodor Schneller and David Griesche

2.1 Introduction

Besides the alkoxides described in the preceding chapter, metal carboxylates are
the second most frequently employed class of educts which is used for the synthesis
of precursor solutions. Chemically they are regarded as derivatives of carboxylic
acids which are organic Bronstedt acids of the general formula R-C(=0)OH,
usually written R-COOH or R-CO,H where R is a general organic moiety. The
length and chemical nature (single or double bonds, linear or branched shape,
number and type of hetero atoms etc.) of this organic residue determines the
polarity and the decomposition behavior of the acid and the corresponding carbox-
ylate, respectively. Short chain carboxylic acids (1—4 carbons) are soluble in water,
whereas longer carboxylic acids are less soluble in polar solvents due to the
increasing hydrophobic nature of the longer alkyl chain. These longer chain acids
tend to be rather soluble in less-polar solvents such as ethers, alcohols, toluene,
xylene etc. Examples for commonly known, simple carboxylic acids are the formic
acid H-COOH (R =H), that occurs in ants, acetic acid H;C-COOH (R = CHj), that
gives vinegar its sour taste, and butyric acid (R = CH3-CH,-CH,) that gives the
odor of rancid butter. Acids with two or more carboxyl groups are called dicarbox-
ylic, tricarboxylic, etc. Citric acid is an important example for a tricarboxylic acid
and is used in the water based precursor systems described in Chap. 5. The release
of the proton (Fig. 2.1) from the carboxylic acid corresponds to the formation of the
carboxylate anion, which is stabilized by the negative charge shared (delocalized)
between the two oxygen atoms (mesomerism). This means that each of the carbon-
oxygen bonds in a carboxylate anion has a partial double-bond character, which is
also reflected in the carbon-oxygen bond lengths (~136 pm). This value is between
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Fig. 2.1 Schematic of the acidity effect of the carboxylic acid (I) which leads to the carboxylate
anion (III). This anion is stabilized by mesomerism (II), which is beside the polarity of the O-H
bond a further reason for the acidity of carboxylic acids. The free electron pairs may form
bondings to metal cations in different modes (see below)

the bond length of a carbon-oxygen double-bond (~123 pm) and single-bond
(~143 pm) [1].

By substituting the acid proton with a metal cation (M*"), metal carboxylates
are formed (Fig. 2.2). Thus according to their chemical structure, the carboxyl
group can act as a bidentate ligand (Fig. 2.2a) either in a chelating or a bridging
mode as shown in Fig. 2.2b [2, 3] and the binding mode can be determined via
Fourier transform infrared (FT-IR) spectroscopy [4] (see Chap. 9) for example.

The main reason for the popularity of metal carboxylate precursors is that they
are often commercially available, cheap, and insensitive to humidity. Moreover the
parent carboxylic acids can be used as solvent and are often less toxic compared to
other organic solvents such as 2-methoxyethanol. Although carboxylic acids are
weak acids, which means that their negative logarithmic acidity constant pK, is in
the range of 4—6, there is a correlation between the chain length (number of carbon
atoms) of the acids and the logarithmic acidity constants [5, 6]. It can be seen in
Table 2.1 that the acid strength decreases with increasing chain length. For a more
detailed discussion of the properties of metal carboxylates see also [7].

2.1.1 Synthesis Aspects

Several methods have been used to synthesize metal carboxylates [8—11]. One
possible synthesis method is the aqueous metathesis. To provide the desired
carboxylate ligands, an aqueous solution (ag) of the corresponding sodium or
potassium carboxylate is prepared. Then another solution containing a salt of the
desired metal is added. The metathesis reaction can be described by the following
general reaction equation.

x (K,Na)(OOCR) (ag) + M(A), (ag) — M(OOCR), | +x (K,Na)A(ag) (2.1)

Here M represents the particular metal ion and A is the anionic leaving group of
the metal salt M(A)x. The metal carboxylate M(OOCR) has low solubility in
water, especially when its organic moiety R consist of more than six carbon
atoms. Hence it can be removed by filtering, washed with an alcohol for example,
and dried. Several salts M(A), have been used, e.g. copper and lead dodecanoate
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Fig. 2.2 Scheme of different bonding modes of metal carboxylates. In the chelating mode (a) the
metal ion is centered between the two oxygen atoms of the carboxylate group and is attracted to
both oxygen atoms, whereas in the bridging mode (b) each carboxylate-oxygen atom coordinates
to one metal ion, which can be different (M; and M)

Table 2.1 Negative

vt = Name of the acid Number of carbon atoms pK.
logarithmic acidity constants -
(pK,) for different aliphatic Acet}c ) 2 4.76
carboxylic acids Propionic 3 4.87
Butyric 4 4.82
Isobutyric 4 4.86
Valeric 5 4.86
Hexanoic 6 4.88
Heptanoic 7 4.89
Octanoic 8 4.89
Nonanoic 9 4.96
In the mid column the number of carbon atoms is shown. Taken
from [5, 6]

and octadecanoate prepared from the corresponding acetates [9]. Also the sulphates
of zinc, magnesium, lead nitrate and calcium chloride were successfully
transformed to the octadecenoates by metathesis reactions [10]. A second synthesis
route is to treat the metal hydroxides with an alcoholic solution of the carboxylic
acid [8]. This method had been used for the preparation of copper, silver, barium,
mercury, lead iron cobalt, nickel and alkaline carboxylates [11]. The reaction
formula can be given as follows.

M(OH), + x RCOOH — M(COOR), + x H,0 2.2)

The water which is formed in this reaction can be removed by distillation under
reduced pressure or by washing with anhydrous solvents. However, this method has
several disadvantages, e. g. the resulting carboxylates can be extremely viscous,
and hence the filtration is sometimes difficult and non-reacted carboxylic acid can
hardly be removed. In case of the carboxylates of lead, mercury, iron and the
alkaline earths, a modification of this method leads to better results. The
corresponding metal oxide was dissolved in the molten carboxylic acid and
the product afterwards is cleaned with hot ethanol and petroleum ether [11]. One
requirement of every synthesis is the accurate control of the product stoichiometry
and this is related to a well-defined amount of water of constitution. The control of
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this issue is not only quite important because the composition of the product
directly relies on the used educts. The water of constitution can also change the
solution behavior drastically. This is often strongly dependent on the chemical
route which is used to prepare the desired metal carboxylate. The following
example can serve as an illustration. The metathesis reaction of magnesium
chloride with sodium octadecenoate in water yields a precipitate which could be
identified as Mg(OOC,gHs3), - 2 H,O [12]. It was only moderately soluble in
benzene, but when it was refluxed in dry benzene and then recrystallized, the
recrystallization product was found to be Mg(OOCgH33), and this had better
solubility in benzene than the original precipitate [13].

In the following sections details on the use of metal carboxylates as an important
class of chemical educts for the synthesis of CSD precursor solutions are described.
Emphasis will be given to the carboxylates of alkaline and rare earth elements as
well as selected metals from the groups 4 to 14 of the periodic table of elements,
since they are relevant for the synthesis of precursor solutions for CSD of ferro-
electric, dielectric and conducting perovskite thin films. The coating process for
producing thin oxide films from pure carboxylate based precursor solutions is
known as metallo-organic-decomposition (MOD)," which is an indication that the
organic matrix which surrounds the metal ions in the as-deposited films has
typically to be removed by thermal decomposition rather than simple in an evapora-
tion process which takes place in case of classical sol-gel processes. The “0” in
metallo-organic indicates that the bond formation of the organic ligands occurs via
an oxygen atom and not via direct carbon-metal bond as in real metal organic
compounds.

On top of syntheses based on only metal carboxylates, solution synthesis routes
based on suitable mixtures of metal alkoxides (Chap. 1) and metal carboxylates are
also frequently used. Such approaches are often called hybrid-routes and will be
described in more detail in subsequent Chap. 3.

2.2 General Considerations of MOD-Processes

Metallo-organic-decomposition is well established and a huge number of inorganic
thin films have been made by this technique [14, 15]. In many cases processing routes
are based on a hybrid of sol-gel chemistry and MOD-chemistry. A strict separation
between the pure sol-gel and the pure MOD chemistry is not always possible, but
some important characteristics of “pure” MOD processes will be given in this section.
Generally these types of CSD-processes can be divided into a few main steps, which
are summarized as flow-chart in the general introduction of this book.

!In the literature the phrase “metal organic deposition” is also often used. It denotes the same kind
of precursor chemistry.
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In the first step, the M-carboxylates are dissolved in a suitable solvent such as the
parent acid or xylene. The stoichiometry of the educts and therefore the composi-
tion of the resulting layer can be directly adjusted by mixing defined amounts of the
prepared solutions or, in some cases, by direct weighting out the carboxylates and
alkoxides in one pot followed by dissolution in the desired solvent. The properties
of the resulting solutions such as viscosity can be influenced by further chemical or
physical modification (distillation, etc.). The precursor solution can be deposited on
the substrate by various techniques (e.g. spray coating, spin coating or dip coating,
(see Chaps. 11-13) in the second step, where the so called wet film is generated.
After this, a certain temperature treatment follows, in which the organic material is
removed and a crystalline film is formed. The last two steps can be repeated until
the desired layer thickness is achieved. Beside the mentioned often cheap an easy-
manageable educts, the main advantage of the carboxylate-based-routines is the
comparably low temperature which is needed in the crystallization step to form
thermodynamically stable phases. This is because the educt molecules are mixed at
the molecular level. Thus, the diffusion paths of the metal- and oxygen-ions are
short compared to classical powder based syntheses of ceramic bulk materials. In
addition the relatively low temperature often helps to prevent the evaporation of
volatile decomposition products. A skillful temperature treatment leads to the
possibility of precise control of the microstructure, e.g. grain size and orientation
(see Chap. 17). The carboxylates used should fulfill a few requirements:

» The educts should be available as highly pure materials and should possess a
defined molecular structure.

e If they are not commercially available, they should be easy to synthesize and
purify.

» They should be stable in air in order to facilitate handling.

¢ The metal content should be high to prevent massive reduction in volume (which
can lead to micro cracks in the layers) during pyrolysis and crystallization.

¢ They should show an adequate solubility in the desired solvent and they should
be compatible which each other.

* The decomposition should not lead to the formation of volatile metal containing
species, melts, carbon contamination, and toxic gases. This often restricts the
choice of the carboxylate chain, because heteroatoms such as, nitrogen, sulphur,
or in particular fluorine in the chain lead to highly toxic decomposition gases.

Next, a brief survey of the deposition and thermal treatment is given.

2.2.1 Thin-Film-Deposition and Thermal Treatment: Solvent
Evaporation Behavior

The deposition of a given MOD or hybrid solution is one of the most important
steps [14, 15], since it determines the final uniformity of the resulting film to a large
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extent, as can be seen in the later chapters (Chaps. 10-12). Spin coating is the most
common deposition technique and was adopted from classical semiconductor
fabrication technologies, i.e. deposition of photoresists for standard optical lithog-
raphy. Naturally, the deposition should be carried out in a clean room environment
to avoid the contamination of the film by dust particles. Such contaminations might
lead to the appearance of dust streaks, which of course degrades the quality of the
film. If the deposition process involves any solvent evaporation, the deposition
should be very rapid, because the solubilities of the metallo-organic species may be
different. Rapid processing might prevent the segregation of the species. In general,
there is a direct dependence between the viscosity and the concentration of the
metallo-organic species in the solution. With increasing concentration, the viscosity
also increases. This effect is relatively strong in MOD-derived solutions in com-
parison to pure sol-gel processes. Less viscous solutions result in thinner films,
i.e. more deposition steps are necessary to achieve thicker films. On the other hand,
a lower thickness per coating step may enable the deposition of ultrathin films. A
key feature of any deposition method is the ability to control the uniformity and film
thickness which is related to the pyrolysis step. Pyrolysis here refers to the removal
of the solvent followed by the decomposition of the organic residues through
thermal treatment in oxygen containing atmospheres. The spin coating process of
a simple MOD-system in a non-volatile Newtonian fluid, where no slip occurs at the
liquid-solid interface, can be theoretically expressed using a modified Navier-
Stokes equation [16]. Equation (2.3) describes the relation of the film thickness
after pyrolysis (4,) and the physical parameters of the precursor solution:

1
P (%) 23)

B 20p, \ ¢t

Here p; and p, are the solid and liquid densities, @ respectively is the angular
velocity, t refers to the spinning time, ¢ is the mass concentration of the solution
formulation (weight of solid film/weight of solution) and 1 is the viscosity of the
liquid. This equation was verified experimentally with an MOD-derived lead
titanate (PTO)-film with lead neodecanoate and titanium di-methoxy-di-
neodecanoate as educts and xylene as solvent [15]. The agreement of the theoreti-
cally predicted film thickness and the experimentally derived values was notably
good. When comparing the pyrolysis of sol-gel routines with MOD-derived films,
there are also some significant differences. As described earlier, a MOD-solution
can be considered as a system where the metal cations are solvated and
complexated by the carboxylate functions. For this reason usually no or very little
reticulation occurs between the molecules. Hence it can be said that the hydrocar-
bon chain of the carboxylate provides a kind of protection due to its hydrophobic
nature. By contrast in pure sol-gel routines the precursor-solutions consist of
more or less colloidal sols, and depend on the additives for chemical protection.
Figure 2.3 shows the different events, which occur when the chemically different
precursor solutions are deposited on the surface, and heating starts [17]. The
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evaporation of the solvent in MOD-processes occurs perpendicular to the substrate,
which leads to a shrinkage in the perpendicular direction. Reticulation occurs later
when the decomposition occurs. In the sol-gel process, reticulation starts earlier,
e.g. before the evaporation of the solvent [17]. This early onset of reticulation is a
consequence of the more reactive nature of the metal alkoxides (the details of which
may be found in Chap. 1). Thus shrinkage parallel to the substrate takes place which
might result in the formation of microcracks.

Further thermal treatment at higher temperatures results in the decomposition of
the organic residues and leads to amorphous or crystalline ceramic thin films, which
is explained in the next section.

2.2.2 Decomposition Behavior

If the as-deposited layer is treated at higher temperatures decomposition of organic
residues takes place. This step usually results in a large decrease in volume, which
may also lead to microcracks. As mentioned before and described in more detail in
Chaps. 15 and 17, the thermal treatment determines the evolution of the micro-
structure and so the heat process has to be optimized for the desired film morphol-
ogy (dense, porous, fine grained etc.). In particular the heating rates play an
important role. In general, a low heating rate during solvent evaporation phase is
desirable to prevent cracking. The heating rates in the decomposition and crystalli-
zation phase are specific for every given system. Thermogravimetric analysis can


http://dx.doi.org/10.1007/978-3-211-99311-8_1
http://dx.doi.org/10.1007/978-3-211-99311-8_15
http://dx.doi.org/10.1007/978-3-211-99311-8_17

36 T. Schneller and D. Griesche

be used to estimate the minimum temperature for decomposition and removal of the
organic species. If it is coupled with a differential thermoanalysis, crystallization
events are also distinguishable (for details see Chap. 7). The decomposition
mechanisms of the carboxylate based precursor solutions are rather complex and
not completely understood. A possible mechanism can be deduced from
comparisons of thermoanalysis data obtained from decomposition studies of the
individual PTO-precursors titanium-dimethoxy-dineodecanoate and lead-
ethylhexanoate with a precursor mixture of both components in xylene. It was
shown that the decomposition temperature of the individual components was
significantly lower than the corresponding temperature for the mixture. This
indicates a kind of domino effect in the decomposition process of the mixture. It
was assumed that the decomposition of the mixture consists of three steps, in which
radical reactions take place. First, free organic radicals are generated through
thermal fission. This step is rate determining and followed by a second step that
involves fast fragmentation of the organic radicals. The last step is a very fast
oxidative chain reaction of the organic radicals to yield longer chains. If this
mechanism is valid, the decomposition temperature should decrease with increas-
ing chain length, branching and oxygen partial pressure. Indeed this behavior has
been found in most but not all cases [14]. Thus the affirmation of this or other kinds
of decomposition mechanism should be the interest of further research. Neverthe-
less, there are many reports about the decomposition of metal carboxylates as single
components [18-34]. Care should be taken when single component decomposition
behavior is directly compared with precursor solution decomposition mechanisms,
but still the reaction pathways which have been determined for single components
are a good starting point for continuative experiments.

In the following sub-sections the behavior of some important examples which
concern the commonly used metal carboxylates (acetates, propionates and long-
chain carboxylates) are reviewed, followed by selected studies on the decomposi-
tion of MOD-mixtures.

2.2.2.1 Metal Acetates and Propionates

Metal acetates can be considered as the most investigated carboxylates with respect
to their decomposition behavior [18, 19]. One has to keep in mind the two important
considerations in all the analyses of the decomposition processes which can be
found in literature. First, metal carboxylates can contain a certain amount of water
of constitution. The second point concerns the atmosphere in which the decompo-
sition took place. In some cases the resulting decomposition products differ drasti-
cally in their nature according to the atmosphere under which the certain
experiment was carried out. In an infrared-spectroscopic study of the decomposi-
tion of several metal acetates in air it was found that there are three temperature
regions [18]: (a) the temperature of dehydration (80-130 °C), (b) the temperature
where intermediates are formed (105-230 °C), and (c) the decomposition tempera-
ture (100—440 °C), where the intermediates are converted into the final product.


http://dx.doi.org/10.1007/978-3-211-99311-8_7

2 Carboxylate Based Precursor Systems 37

Based on the above discussion, the metal acetates can be classified by the
intermediates and final products that occur. For the alkaline acetates (potassium
and sodium), the intermediate is the corresponding oxalate, which decomposes and
yields the metal carbonate. For barium acetate the corresponding carbonate occurs
directly without an intermediate, whereas calcium acetate decomposes to the
carbonate over a crystalline anhydrous modification. Magnesium, lead, nickel,
and cadmium acetates form an intermediate basic salt. In case of cadmium, nickel,
and lead acetate this intermediate decomposes at higher temperatures to give the
metal, while magnesium acetate yields the corresponding metal oxide. The occur-
rence of the pure metal as final product was also observed for copper acetate, where
the decomposition proceeds via a crystalline modification of the anhydrous acetate
as the intermediate analogous to the calcium. Cobalt and silver acetate decompose
to the pure metal without the formation of an intermediate. Under air all metals are
immediately oxidized to form the oxides. The crystalline acetate modification as
intermediate is also observed for zinc and manganese acetate, which decompose
to the corresponding oxides. It should be noted that the generated carbonates
can be transformed into the corresponding oxides at higher temperatures. This
happened for example between 350 and 450 °C when anhydrous lead(IV) acetate
(Pb(OOCCH3),) was heat treated in air [20]. The decomposition of a number of rare
earth acetates have also been investigated [19-24]. All the investigated rare earth
acetates consisted of three acetate ions coordinated to the central metal cation
complemented by 1-4 water molecules of constitution per metal ion. This leads
to the general formula Ln(OOCCH3;);3 - xH,0. Consequently the first reaction was
always found to be dehydration at temperatures between 90 and 250 °C. It could
elapse in one or more steps. For instance dysprosium acetate Dy(OOCCHj3); - 4H,0
loses 3.5 molecules of water at 90 °C and the last 0.5 molecule is released at 150 °C
[20]. The intermediate is a thermally unstable anhydrous acetate. This anhydrous
form can undergo several phase transitions [21], where monodentate, bidentate or
even polymeric species can occur. It could be shown that in the temperature range
of 250-500 °C the anhydrous acetates were transformed into a broad range of
secondary intermediates. These secondary intermediates can be the corresponding
oxyacetates, carbonates, oxycarbonates, and even hydroxides [19]. In most cases
these intermediates occur in succession. These in turn decomposed then to the
oxides in the temperature range from 500 to 900 °C. The structure of the oxide is
depending on the nature of the rare earth element. In most cases the sesquioxides
(Ln,O3) can be found, but for praecsodymium e.g. the dioxide related structure
PrO, g33 was found [22].

Relatively less is known about the decomposition behavior of the metal
propionates. The decomposition of the monohydrated alkaline earth propionates
(M(OOCCH,CHj3), - H,O with M = Ba, Sr, and Ca) proceeded over a single
stage dehydration step for the strontium and calcium propionates and a two stage
dehydration step for barium propionate, in which Ba(OOCCH,CHj3), - 0.5H,0
is formed at temperatures lower than 200 °C [25]. The anhydrous propionates
crystallize at about 200 °C. Above 300 °C, the decomposition took place simulta-
neously with melting, resulting in the formation of carbonates at 350 °C.
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In another study [26], the decomposition of the self-prepared propionates of
nickel (Ni(OOCCH,CHs3), - H,0), cobalt (Co(OOCCH,CHj3), - 3H,0), copper
(Cu(OOCCH,CHj3), - 0.5H,0) and zinc (Zn(OOCCH,CHj;), - H>O) was analyzed.
It was found that the stepwise dehydration processes took place in the temperature
range between 70 and 130 °C to form the anhydrous propionate, and the final
decomposition give rise to a few unidentified intermediates in the range of
250-360 °C. In all cases the final products were the corresponding metal oxides.
The decomposition behavior of iron propionate trihydrate (Fe(OOCCH,CHj3); -
3H,0) was also investigated [27]. Here it could be shown, that the decomposition of
this carboxylate proceeds via the dehydration at 170 °C in one step, followed by the
reduction of the Fe(Il)-ions to form anhydrous iron(II) propionate at 230 °C. At
570 °C the resulting a-Fe,O5 occurred. For in-situ-prepared nickel propionate and
lanthanum propionate interesting differences in the thermospectroscopically
detected decomposition behavior could be determined if one was varying the
atmospheres in which the heat treatments were carried out [28]. For the nickel
propionate it could be shown that by heating in air up to 150 °C, the dehydration
process took place, which was followed by the endothermic transformation of the
propionate ligands into acetate groups and the decomposition of these between
250 and 325 °C. The exothermic formation of nickel oxide was completed at
325 °C. In contrast, the decomposition to nickel oxide in nitrogen seems to be a
complete endothermic process although the temperatures of the different decompo-
sition were found to be only a few degrees lower than in air. In hydrogen atmo-
sphere, a sharp exothermic signal was found due to the reduction of nickel oxide to
elemental nickel around 325 °C. Contrary to these results the lanthanum propionate
decomposes in air around 325 °C to give a mixture of the corresponding oxide and
oxycarbonate. This mixture is transformed into the pure oxide at 720 °C. In
nitrogen, only the oxycarbonate was found as intermediate in the temperature
region between 250 and 575 °C. The characteristics in hydrogen atmosphere are
in this case quite similar to that in nitrogen.

The combustion of rare earth precursors (Ln-propionates Ln(OOCCH,CH3); -
xH,0 with Ln = Ho, Er, Tm, and Yb) in an argon atmosphere revealed a similar
decomposition behavior as discussed above [29]. Dehydration took place around
90 °C and the resulting anhydrous propionates decomposed to give the
oxycarbonates (Ln,O,CO3) between 300 and 400 °C. In the temperature region
of 500-700 °C a mixture of the oxycarbonate and the corresponding sesquioxide
(Ln,05) could be detected. The transformation into the sesquioxide was found to be
complete around 1,100 °C.

2.2.2.2 Long Chain Metal Carboxylates

The most remarkable difference between long-chain and short chain carboxylates is
the onset state of thermal decomposition. While short chain carboxylates tend to
decompose from the solid state, the long-chain analogs decompose from the melt
[30]. The phase formation behavior and other characteristics of the melts are
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discussed elsewhere [30]. The difference due to chain length can be clearly seen in a
study involving eight saturated, non-branching sodium carboxylates [31]. The
authors found that in air the decomposition temperature decreases from 330 °C
for the formiate to 190 °C for the tetradecanoate. A similar behavior was found for
heating the same carboxylates in nitrogen. However here the decomposition
temperatures were slightly higher, which leads to the suggestion of an additional
stabilization effect in inert gas atmosphere.

In case of the long-chain lead carboxylates (dodecanoate, tetradecanoate and
octadecanoate) it revealed that the decomposition for the do- and tetradocenaoate
occurred in one step, whereas a two-step mechanism was found for the
octadecanoate in all cases between 230 and 460 °C, resulting in lead oxide
[32]. Furthermore, the thermal behavior of chromium, copper, nickel, and zinc
dodecanoates was investigated [33]. The chromium dodecanoate decomposes via
an oxydodecanoate intermediate, whereas the copper dodecanoate forms a tempo-
rary mixture of copper oxide and copper dodecanoate. The nickel containing
molecule seemed to decompose to the oxide without any intermediate and in the
case of zinc the zinc carbonate is transitionally formed. The temperature range for
the occurrence of intermediates was found to be from room temperature up to
460 °C, depending on the corresponding metal dodecanoate.

The researchers also investigated the interaction of the described soaps when
mixing them with different solvents such as the corresponding alcohol, ester, and
amine. In case of the copper and chromium dodecanoate the DTA curves changed
when the soaps were mixed with dodecanol. It was concluded that a form of
complexation due to hydrogen bonding or electron lone pairs occurred. No compa-
rable interaction was found for the other soaps. In a following study [34] the metal
dodecanoate-solvent interaction was further investigated for the chromium, copper,
nickel and zinc dodecanoates in combination with dodecanoic acid and
octadecanoic acid. It was found that only the chromium salt formed a complex
with the stoichiometry of soap/acid close to 2:1. The other soaps did not form such a
complex. When heating the dodecanoic salts with octadecanoic acid a metathesis
took place. Hence by heating the dodecanoic ligands were replaced by octadecanoic
ligands. This behavior was confirmed for all of these metal salts.

In the next sections a general view over established MOD processes is given,
with special emphasize on the precursor solution chemistry, the thermal treatment
and the resulting thin films.

2.3 Long Chain Versus Short Chain Carboxylates:
Solution Behavior and Established Processes

In general long chain carboxylates are popular for MOD type CSD routes since they
are moisture insensitive and can be dissolved in relatively chemically inert solvents
like toluene or xylene. In these solvents, often also alkoxides may be co-dissolved
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which enables the relatively simple preparation of the hybrid solutions. Even if the
long chain carboxylates are dissolved in alcohols like butanol, problems relating to
hydrolysis are not expected, since the esterification reactions which release water
are rather slow due to the lower acid constant of the long chain carboxylic acids
(Table 2.1).

Due to the above mentioned advantage, relatively long chain lead(Il)
2-ethylhexanoate was used in one of the first synthesis routes to lead zirconate
titanate thin films in 1984 [35]. Using this route stable and moisture insensitive
precursor solutions have been obtained and this principle has often been used in
particular in the early days of PZT [36-38]. It was somewhat later transferred
to other materials like yttrium barium copper oxide (YBCO) [39, 40], barium
strontium titanate [41, 42], strontium bismuth tantalate [43] etc.

However sometimes problems may occur due to the relatively high content of
carbon. This carbon is typically removed by combustion in air resulting in larger
portions of carbon dioxide which in turn often leads to some porosity in the films
and possibly also to residual carbon. The latter may be detrimental for the leakage
properties of these MOD derived ferroelectric thin films [36, 38] or the current
transport in superconducting YBCO films [39, 40]. In order to reduce the problem-
atic parasitic carbon incorporation and crack formation short chain carboxylates
like acetates or propionates were introduced. A pioneer work with such educts was
carried out in 1984 by Heartling [44]. He used dip-coating to synthesize high
quality, crack-free PLZT-films, with an average grain size of ~1 pm in diameter.
The educts lead, lanthanum, and zirconium as acetate and titanium-acetylacetonate
were dissolved in a mixture of water and methanol. The use of water as solvent is
often problematic if the used substrates have hydrophobic surfaces and therefore
result in poor wetting. To overcome this issue, coating routines with short chain
carboxylates were developed which use organic solvents instead of water. Later
specific water based precursor systems (Chap. 5) and surface treatments were
developed which also led to good coating results.

One good example of the use of short-chained carboxylates is the so called
all-propionate-routine (APP), which was first published in 1997 [45, 46]. The
authors prepared magnetoresistive alkaline earth metal doped lanthanum manga-
nate thin films with perovskite structure on different substrates. Their precursor
solution was made by dissolving the corresponding metal acetates in a mixture of
propionic acid and propionic acid anhydride. The propionic acid anhydride was
used in this case to remove the water of constitution from the educts. Because the
acetate anion is the stronger base than the propionate anion, acetic acid was formed
which could be easily distilled of, resulting in the in-situ formation of metal
propionates. The authors point out that this routine fulfills the requirements listed
in Sect. 2.2. In contrast to other commercially available educts, such as lanthanum
acetate, the propionate showed significantly higher solubility. The precursor solu-
tion is moisture insensitive, can be easily prepared, and its substrate wetting
behavior was found to be excellent. In addition, the stoichiometry of the resulting
layer can be varied over a wide range. The decomposition was monitored by
infrared spectroscopic analysis. It was found that La,0,CO; and CaCO3 were the
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intermediates formed by the thermal treatment. Dependent on the dopant concen-
tration the crystallization occurred between 650 and 700 °C. The Curie temperature
was determined to be —8.1 °C, with a resistivity of 1.6 Q-cm. This value was higher
than for single-crystalline films grown by vapor phase techniques (~10~% Q-cm)
[47, 48]. The all-propionate route could be used for various other systems, such as
LNO [49].

The issues of porosity, residual carbon, and poor leakage current properties are
maybe also the reason why only a very few of researchers made use of the the MOD
concept to prepare PZT. Most researchers use lead(Il) acetate, which was
introduced in the first pioneering work of Budd et al. [50] or the oxidized counter-
part lead(IV) acetate [51] as the educt for the synthesis of PZT precursor solutions.
Although their decomposition temperature is significantly higher than those of the
long chain carboxylates (see Sect. 2.2.2.2), they have the benefit of having consid-
erably lower amount of carbon. Another distinct advantage of this synthesis strat-
egy is that Pb-O-M linkages are formed by release of an ester, reducing the amount
of carbon in these kind of hybrid solutions (see Chap. 3).

Table 2.2 gives an overview on the most popular carboxylates used for various
material systems and corresponding references. Certainly this list is not exhaustive
and the reader may find in the literature further examples of less common
carboxylates which might be useful for specific precursors.

Shaikh and Vest [70] characterized the PTO and the BTO system made through
MOD-routines in a kinetic study. They used titanium(IV)-dimethoxy-
dineodecanoate, barium(Il)-neodecanoate, lead(Il)-neodecanoate and commercially
available lead(Il)-acetate for the synthesis. For the BTO-system the barium- and
titanium precursors were dissolved and mixed in xylene. XRD and DTA results
revealed that the BTO-formation process occurs first by the formation of inter-
mediate large BaCOj particles, small TiO,-particles and a certain amount of BTO
up to a temperature of 600 °C. When the temperature was raised to 660 °C, only
BTO was visible in the XRD. Comparing the MOD-route with classic powder
syntheses of BTO, the reaction was shown to proceed 500 times faster in the
MOD-route at constant temperatures. On the other hand, 900 °C were needed for
completing the reaction in powder based synthesis at constant sintering time, while
in MOD-syntheses, 660 °C were sufficient. It was concluded that this massive
advantage was due to the smaller particle size and the greater homogeneity on
the molecular level, as discussed in section 2.2 of this chapter. Because TiO, can
typically occur in two modifications® (anatase and rutile), two different reaction
pathways were possible. The reaction of the rutile phase with BaCOj is slower than
the reaction of BaCOj; with the anatase phase. In addition the BaCO;-rutile reaction
proceeds via Ba,TiO, as intermediate. This intermediate could not be found, which
means that the BaCOj3-anatase pathway was the more probable one.

21t has to be noted, that there is also brookite as third modification possible, which however occurs
less frequently in CSD processes.
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Table 2.2 Compilation of frequently used carboxyl groups and metal carboxylates, respectively
as well as resulting thin film material

Carboxylate Metal-cations Resulting material References
Acetate Pb**, Pb** PTO (50, 51]
PZT
Ca*, Sr** LCMO, LSCO
Ba®* BST [41, 42]
Mn2+
C02+
In®* ITO [52]
Bi** SrBi, Ta,0q [43]
StBisTisOy5 (53]
Trifluoracetate Y3, cu®* YBCO [39, 40]
Ba>* BTO [54]
Propionate Pb>* PZT [55]
Ba®*, Sr** (Ba,, Sty _)(Tiy,Zr, )O3 [41, 42, 56]
La**, Ni%* LNO [49]
Ca>* LSCM
Co** LSCO [57]
2-Ethylhexanoate Pb>* [35, 36]
La** (58]
Zr*t PLZT
Ba>*, Sr** BaTiOs, SrTiO; [59, 60]
Bi*t Bi(s) [61]
SrBi,;Tay,09 [62-65]
SrBi,Nb,Oq
SrBiyTisOy5
In**, Sn** ITO [66]
ce*t CeO, [67]
Y3 Y,0; [68]
Fe* Fe,04 [69]
Neodecanoate Pb** PTO [70, 71]
Ba* BTO [72]
Y3, cu*t YBa,Cuz0,_, (39, 40]

In the PTO-system two Pb-educts were compared. Lead neodecanoate showed a
slightly higher volatility than lead acetate. The addition of additives with a high
boiling point such as ethyl- or methylstearate to the xylene based precursor solution
could solve this problem. At firing temperatures below 625 °C, the two common
PbO-modifications (litharge and massicot) and PTO were observed, whereas at
temperatures over 625 °C only the PTO-phase was left. The decomposition of lead
neodecanoate lead to spherical particles with a uniform size (diameter ~0.3 pm)
developed. The decomposition of lead(Il) acetate led to irregular shaped particles
with diameters between 0.3 and 10 pm. In both cases, there is a TiO,-shell on these
particles. The larger diameter in the acetate-based system led to a slower long-term
kinetics in the formation of BTO, because these larger particles dominate the
process at longer firing times.



2 Carboxylate Based Precursor Systems 43
2.3.1 Another Well-Known Example: Trifluoracetates

The first working precursor system for the preparation of superconducting YBCO
thin films by MOD was found by Kumagai et al. [73]. They mixed yttrium stearate
with barium- and copper naphtenate in an organic solvent. The DTA-TG analysis of
the resulting precursor solution showed that pyrolytic decomposition took place
between 200 and 500 °C followed by crystallization up to 800 °C. Hence the dip
coated YSZ substrates were dried in air and fired at 800 °C. They found the quality
of the films is directly related to the firing time. This could be evaluated by
measuring the transition temperature, T (resistance (R) = 0 Q), e.g. samples
fired for 2 h have T that were significantly lower (23 K) than samples fired for
80 h (60 K). Although some improvements of the Tc (R = 0 Q) values could be
achieved by the use of other carboxylates and heat treatment procedures [74, 75],
the overall electrical properties remained poor owing to the formation of BaCOs,
which is very stable, as an intermediate compound during the decomposition of the
precursors [76], or the inadequate reactivity of the intermediate barium oxide [77].

Thus driven by the necessity to avoid intermediates such as carbonates, metal
trifluoracetates have been introduced in the CSD technology in particular for the
preparation of superconducting thin films (see Chap. 27). Gupta et al. [77] therefore
dissolved yttrium oxide, barium carbonate and solid copper in aqueous
trifluoracetic acid (TFA) and hydrogen peroxide. These solutions were dried and
re-dissolved in methanol. The products of the pyrolysis of the single educts were
found to be barium- and yttrium fluoride as well as a mixture of copper oxide and
copper fluoride. The mixed educt solutions were spun on YSZ substrates and the
annealing was done for 5—40 min in a humid or non-humid helium atmosphere at
850 or 920 °C. The resulting SEM images of the layers revealed large pellet-like,
(111)-oriented grains of the superconducting phase with smaller, spheroidal grains
lying on them when the samples were sintered without humidification. These small
grains were found to be rich in barium. The authors concluded that these grains
are barium fluoride, which was corroborated by XRD-measurements. Samples
sintered in humid conditions did not show such barium-rich phases and the strict
(111)-texture could not be found. Surprisingly, the specimen with barium fluoride-
rich grains showed higher transition temperatures (92-94 K) and smaller transient
regions. The group proposed that barium fluoride helps the superconducting phase
to grow oriented and that maybe there is an additional fluoride substitution. After
this study, further investigations of YBCO-layer syntheses were carried out.
Mclntyre et al. [78] used the described solution process to prepare epitaxial films
on (001)-oriented LAO-substrates. They introduced a special kind of temperature
treatment which consisted of three parts: a pyrolysis step up to 400 °C, followed by
the crystallization at 700 °C, and the oxidation during the re-cooling. Pyrolysis and
crystallization were carried out in a humid atmosphere. After the pyrolysis step, the
layer consisted of the oxy-fluorides transformed into the tetragonal YBCO-phase
during the crystallization. The oxidation led to the orthorhombic superconducting
phase. There was a direct relationship between the partial pressure of the oxygen,
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the texture development and the transition temperature during the oxidation step; as
long as there were used low partial pressures, the XRD showed sharp (001)-
reflexes. The transition temperature increases in these samples as well as the
transient regions decreased. The described three-step temperature treatment with
humid and non-humid atmospheres was more or less adopted by other authors
[79-83] and is also relevant for industrial applications (Chap. 27). Yan et al. [81]
found another modification of the triflouractetate routine by dissolving yttrium,
barium, and copper-hydroxides in a mixture of water and TFA. After gelation, they
were coated on different substrates and crystallization took place in humid argon at
752 °C. They found an adequate (001)-texture, but the layers were porous with a
grain diameter of 1 pm. The transition of these layers was found to be at 91 K with a
very small transient region. Obradors et al. systematically investigated the forma-
tion of the YBCO thin films on different substrates from TFA-based solutions with
the metal acetates as educts [82]. The pyrolysis (up to 300 °C in humid oxygen) was
pointed out to be an important step in morphology development. Slow heating rates
were found to prevent morphological inhomogeneities. The humid oxygen helps to
avoid the sublimation of the Cu(TFA),. The crystallization at 700-800 °C in humid
oxygen seemed to be a very complex process which needs further investigations. It
was supposed that the crystallisation occurs through the formation of a liquid phase
at the layer-substrate interface, where the nucleation process in c-direction took
place. Also an exchange with the gas phase is important, because the water
molecules of the humid atmosphere have to reach the interface. The water reacts
there with the in situ formed hydrogen fluoride and removes it. Otherwise hydrogen
fluoride would cause a kind of barrier for the further reaction. When temperatures
during this process step are too low or the growth rate is too high caused by to high
oxygen partial pressure, the crystal growth becomes faster in the a and b-direction,
which would lead to porosity formation in the film. The oxidation was performed in
dry oxygen at 450 °C. Finally the group could achieve high-quality films without
pores and with strict c-orientation. No other phases could have been detected.

Another route was developed by Roma et al. [83]. Instead of TFA, they used the
corresponding trifluoroacetic anhydride. In this so called anhydrous TFA route, the
YBCO bulk material was directly dissolved in the anhydride, after drying and
redissolving in anhydrous methanol a stable solution with a very small content of
water was formed. The low water content had the advantage of shortening the
pyrolysis step drastically. The slow pyrolysis in the other routes was due to the
inhomogeneous distribution of the educt molecules in the solution, which often
results in inhomogeneous layers. Water acts as a ligand especially for yttrium
trifluoractetate. This coordination may lead to the mentioned inhomogeneity. Nev-
ertheless, high quality layers could be also made by this routine.
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2.4 Summary

In this chapter, the basics of metal carboxylates which is a frequently used class of
chemical educts for solution synthesis was first reported. Metal carboxylates offer
several advantages in comparison to metal alkoxides, since they are insensitive
against moisture and can be produced in a cheap and simple way, e.g. by metathesis
reactions. In the second part, the concept of metallo-organic decomposition was
introduced, which typically relies on these metal salts and represents a powerful
technique for producing ceramic thin films. Concerning the deposition of a given
precursor solution and its effect on the film thickness, proportionality to the solution
concentration and to the root of the viscosity was found. Problems of substrate
wetting can be overcome through the wide range of potential solvents for this
routine. The thermal treatment of the as-deposited films leads to solvent evapora-
tion and decomposition of the organic residues. A radical mechanism was proposed
to explain the decomposition behavior. Shrinkage of the films parallel to the
substrate surface may result in the formation of microcracks. A few examples for
the decomposition of selected long-chain and short-chain metal carboxylates
illustrated the possibilities. It was shown that the long-chain carboxylates in general
decompose at lower temperatures, but the problem of carbon incorporation is
reduced when the length of the carbon chain is decreased. Some impressive
examples for established MOD processes are given, which resulted in thin films
with comparable electrical performances to films which were produced by physical
deposition techniques.

In this sense one remarkable research area is the solution based deposition of
superconducting YBCO thin films, where fluorinated carboxylates are used to
prevent the intermediate formation of carbonates and unreactive oxides. Decompo-
sition and crystallization proceeds via intermediate fluorides and finally yields
excellent film qualities. Thus this system is the precursor of choice for commer-
cially CSD produced superconducting layers.
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