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Abstract
Sol-gel technique has been utilized for the fabrication of multifunctional inor-
ganic-organic hybrid materials for specific applications. Synthesized methacrylic
acid and benzoylacetone modified tin alkoxide precursors were used for the first
time for the realization of directly UV-photopatternable antimony-doped tin
dioxide coatings. These single-layered coatings have transmission values over
80 % at visible wavelengths and maximum electrical conductivity values around
15 S/cm. In comparison, multi-layered coatings without UV-photopatternability
properties were fabricated. In this case, electrical conductivities are in the range
of 102 S/cm. A novel material technique approach for laser protective eyewear
was utilized for the synthesis and preparation of the mechanically tolerant and
near-infrared absorbing filter coatings. Optical densities from 2 to 4 at laser
threat wavelength, a ten fold increase in scratch resistance, and a hundred-fold
increase in abrasion resistance, compared to uncoated polycarbonate substrates,
were obtained by using absorbing dye-molecule doped sol-gel materials. Fabri-
cation of a diffractive optical element, namely axicon, using hybrid-glass mate-
rials was demonstrated for the first time. Hybrid-glass material was tailored to
fulfill the requirements of the functional axicon element.
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1. Introduction
The sol-gel technique is a synthetic route to solid and semi-solid materials via
liquid phase processing. During the liquid phase processing, reactions between
water and typically metal alkoxide precursors produce particulate or polymeric
oxide materials. Because the by-products, typically water and alcohol, can be
easily removed under thermal treatment of the oxide material, the final products
have high purity. Liquid phase processing enables the molecular scale mixing of
precursors, leading to homogeneous, multi-component materials. Moreover,
through the precise control of processing parameters, various material shapes
including powders, fibers, monoliths and thin films can be achieved. From those,
thin films for optics and optoelectronics applications have been attracting most
of the interest due to the ease of coating fabrication using conventional dip-,
spin- and spray-coating techniques and furthermore, the optical transparency of
oxide materials.

From the advanced material point of view, the most interesting feature of sol-gel
processing is its capability to synthesize a new type of materials called inor-
ganic-organic hybrids. Hybrid materials have been realized by incorporating
organic functionalities and inorganic material network via doping, e.g. organic
dye-molecules in an inorganic matrix, or via covalent bonding of organic groups
and inorganic backbone, e.g. organometallics. In general, it is complicated to
fabricate these types of materials with other techniques.

There is a growing need for multi-functional optical materials in the field of
optoelectrical module integration and miniaturization. In such modules, new
types of electrical, optical, and optoelectrical materials and new fabrication
methods for functional components are required. For future optical and optoe-
lectronic components such as organic light emitting devices, optical filters and
devices capable of modulating light, these multi-functional materials, which
have inorganic and organic material properties, offer an extraordinary tool for
the fabrication of easily processable, application-specific materials.

1.1 Scope of the present work

The purpose of this thesis is to summarize the material chemistry research work
based on the use of multifunctional hybrid material coatings in optics and op-
toelectronics applications. The research work was carried out at VTT Electronics
in close collaboration with Finnish industry and it is divided into three applica-
tion areas: (i) transparent electric conductors, namely antimony-doped tin diox-
ides, (ii) mechanically tolerant laser protective eyewear, and (iii) materials for
micro-optical applications.
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For the cost-effective fabrication of conductive and transparent coatings using
inexpensive precursors and simple processing techniques, a method of producing
sol-gel derived antimony-doped tin dioxide thin films is presented in paper I.
Paper I also introduces an argon-plasma effect on the conductivity values of
these coatings.

Applications in which transparent conductors are used typically require the fine
patterning of the conductive films. Conventional lithographic patterning of
chemically durable oxide films involves the use of additional photoresist layers
and harsh etching chemicals. Therefore, the main objective of this thesis was to
investigate the possibilities to fabricate directly UV-photopatternable antimony-
doped tin organo thin films using synthesized photoreactive tin alkoxide deriva-
tives, which can be converted after patterning to crystalline oxides. Two differ-
ent methods to obtain a simpler and more environmentally friendly patterning
process are described in papers II and IV. In paper III, the unexpected effects of
the UV-irradiation on the electrical properties of the final material, as shown in
paper II, are analyzed.

The second field of application was laser protective eyewear for military appli-
cations. The aim of this research was to develop scratch and abrasion resistant
coating material for polycarbonate visors which also had angle independent ab-
sorption properties at neodium doped yttrium-aluminum garnet laser (Nd:YAG)
wavelength (1064 nm). The specified optical density goal is at least 4 at the spe-
cific laser-threat wavelength. Meanwhile, the coating has to possess high optical
transparency (80 %) at visible wavelengths without disturbing the color vision.
Paper V reports on the synthesis and characteristics of the mass production ca-
pable protective coating material.

For the micro-optical component demonstrator, a specialized diffractive optical
element, namely axicons, was designed for the triangular measurement device.
In order to fabricate these components in a cost-effective manner on various
substrates, the capability of the well-known sol-gel based material was analyzed
in paper VI. For the realization of the functional axicon, material properties and
processing parameters have to be customized.
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2. Sol-gel chemistry
A sol is a colloidal suspension of solid particles in a liquid phase, in which the
dispersed particles are small enough to remain suspended by Brownian motion
[1�2]. A gel is a solid material network containing a liquid component, both of
which are in a highly dispersed state [2]. In general, the sol-gel technique is de-
scribed as a method in which solid materials, typically ceramics are formed via
hydrolysis and condensation reactions from the molecular liquid phase.

Sol-gel method can be applied for the preparation of various types of materials.
In order to achieve a wide range of material properties, most of the elements
from the Periodic Table need to be available in a form suitable for sol-gel proc-
essing. Suitable precursors can be dissolved in a suitable solvent, typically an
alcohol or other polar solvent, and they can react via hydrolysis and condensa-
tion reactions to the corresponding oxidic materials.

2.1 Alkoxide method

Most typical sol-gel precursors are metal alkoxides. Metal alkoxides have the
general formula M(OR)x, where M is a metal or a metalloid element and R is an
alkyl or related group.

The applicability of metal alkoxides for the sol-gel technique is determined by
their solubility, volatility (in order to purify the precursors) and their oligomeri-
zation capability. Oligomerization of the metal alkoxides affects the homogene-
ity of the final product. For example, in the case of antimony-doped tin dioxide
coatings, the even distribution of antimony species in the tin dioxide lattice may
be affected by the oligomerization of antimony alkoxides. In the worst case,
antimony clusters are formed, leading to the loss of electrical properties in the
final material. Fortunately, antimony alkoxides are volatile and soluble mono-
meric products [3].

2.1.1 Physical properties of metal alkoxides

The most important factors affecting the physical properties of metal alkoxides
[M(OR)x]n are the size and shape of the alkyl group (R), atomic radius, and the
coordination number of the metal. Due to the high electronegativity of oxygen
(3.5 in the Pauling scale), the metal-oxygen bonds (Mδ+�Oδ-�C), are expected to
posses significant ionic character. However, most of the alkoxides show proper-
ties typical of the covalently bonded molecules, such as high volatility and solu-
bility in common organic solvents. The factors affecting the decay of the polarity



12

in the metal-oxygen bond are (i) the inductive effect of the alkyl group, (ii) the
presence of oxygen p-orbital to metal d-orbital π-bonding for early transition
metals, and (iii) the formation of oligomeric species through alkoxo bridges of
the type (Figure 1) [3]:

M
O

M
O

Figure 1. Alkoxo bridging in oligomeric metal alkoxides [3].

Oligomerization is a dominant feature of metal alkoxides unless inhibited by
steric or electronic factors [3]. The extent of aggregation (n) is expected to de-
crease with the increase in size of the alkyl group, due to steric factors, and/or
the presence of donor functionality in the alkoxo group, e.g.
OCH2CH2OCH(CH3)2. Moreover, it has been found that the extent of aggrega-
tion for almost all metals in the Periodic Table is dependent on the following
considerations: (i) aggregation increases as the metal atom becomes more elec-
tron deficient; (ii) the larger the size of the metal atom, the greater the tendency
to increase the degree of association; and (iii) increasing the steric demand of the
alkyl group tends to decrease the aggregation [3]. In the case of methoxides, the
unusually low volatility and solubility are explained by a combination of these
factors and also by the high lattice energy between oligomers because of the
small size of the methyl group [3].

In order to enhance the volatility and solubility of metal alkoxides, the ability of
the metal and metalloid alkoxides to exchange the alkoxo groups with alcohols
has been widely exploited. Reactions take place according to the general reac-
tion 1:

M(OR)x + nR`OH ↔ M(OR)x-n(OR`)n + nROH ↑   (1)

There are three important factors that influence the extent of substitution in the
alcohol interchange reactions: (i) the steric demands of the alkoxo groups (OR
and OR´), (ii) the relative O-H bond energies of the reactant and product alco-
hols, and (iii) the relative bond strengths of the metal alkoxo bonds of the reac-
tant and product alkoxides [3�4].

The ease of the interchange reaction increases from the tertiary to the secondary
to the primary groups of the released alcohol due to the decreased steric hin-
drance [5]. The reaction from a more branched alkoxide structure to a less
branched structure is sometimes more likely, if the product is significantly more
associated than the reactant alcohol [3]. Relative pKa values of the reacting and
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leaving alcohol also affect the rate of the interchange reactions. If the pKa value
of the reacting alcohol is higher than that of leaving alcohol, the probability of
the interchange increases [4].

Due to the wide use of alkoxy- and alkylalkoxysilanes in the sol-gel process, it is
noteworthy to mention that the alcoholysis reactions of tetra-alkoxy silanes,
Si(OR)4, are generally very slow. On the other hand, alkyl alkoxysilanes appear
to offer less steric hindrance to alcoholysis reactions, resulting in increased ten-
dency for the alcohol interchange reactions [3].

2.1.2 Hydrolysis and condensation reactions

In general, the sol-gel technique is based on the hydrolysis of the metal alkoxide,
and further condensation reactions of the fully and/or partially hydrolyzed alk-
oxides to corresponding oligomeric species. During hydrolysis, the alkoxide
group in the metal alkoxide is replaced by the hydroxo ligand by the SN2 type
reaction (Eq. 2) [6].

M(OR)x + H2O → HO-M(OR)x-1 + ROH                  (2)

The pathway of the hydrolysis has been presented in Figure 2 [7].

OR

O
H H

  RO-M(OR)n-1 

Nucleophile :OH2

+
M(OR)n-1

δ+

(RO)n-1M-OH + ROH

Figure 2. Schematic presentation for SN2 type hydrolysis reaction [7].

The hydroxo metal alkoxide tends to react further with other hydroxo or alkoxo
groups in the hydroxo metal alkoxides or metal alkoxides via condensation reac-
tions (Eqs. 3 and 4) [6]:

(OH)x-1M-OH + HO-M(OR)x-1 → (OH)x-1M-O-M(OR)x-1 + H2O      (3)

(OR)x-1M-OH + RO-M(OR)x-1 → (OR)x-1M-O-M(OR)x-1 + ROH      (4)
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The dehydration process is presented in Eq. 3 and the dealcoholation reaction is
shown in Eq. 4. During the sol-gel processing, the condensation reactions pro-
ceed further, leading to the formation of a three-dimensional network. At the gel
point, the liquid sol is converted into a solid gel [8].

2.2 Salt method

Another widely used method is the salt method, in which inorganic salts are used
as precursors. From an industrial point of view, the salt method is favored due to
a much lower cost of metal salts when compared to alkoxides.

In the salt method, the sol is formed by dissolving the metal salts in water ac-
cording to Eq. 5 [9].

MZ+ + :OH2 → [M←OH2]Z+        (5)

The following equilibrium illustrates the dependence of the hydrolysis on the
acidity of water and hence on the magnitude of the charge transfer Eq. 6 [9]:

[M(OH2)]z+ ↔ [M-OH](z-1)+ + H+ ↔ [M=O](z-2)+ + 2H+       (6)

The increased charge density on the metal, the number of metal ions bridged by
hydroxo or oxo ions, and the number of hydrogens in ligand favor hydrolysis.
The role of the anion during hydrolysis is described by the Mulliken electro-
negativity of the anion; if the electronegativity of the anion is approximately
similar to that of water, χH2O = 2.49 [10], it can substitute for all coordinated
water molecules. Phosphates, χH2PO4

- = 2.50 [10], and sulfates, χHSO4- = 2.64
[10], have this ability. If the electronegativity of an anion is close to that of wa-
ter, as in the case of the nitrates, χNO3

- = 2.76 [10], part of the water molecules
are replaced. If the electronegativity is clearly higher, χClO4

- = 2.86 [10], or
smaller (e.g. Cl-), anions cannot enter the coordination sphere of solvated cations
[10]. The substitution of water molecules around the metal ions leads to the for-
mation of new species with differing reactivities.

The particulate sol can be prepared by a condensation or a dispersion method.
During condensation, particles are grown by a slow and controlled nucleation
process, whereas in the dispersion method, particles are precipitated rapidly us-
ing the excess of base [2]. Stable sols are fabricated by peptizing or dispersing
the particles in acids, where they are stabilized by positively charged surfaces.
Gel can be formed via dehydration gelation, upon removal of water, or via alka-
line gelation, upon increasing the pH of the sol [2].
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2.3 Processing of the films

During the sol phase, films can be fabricated using common techniques such as
dip-, spin-, or spray-coating methods. Depending on the nature of the solvent
and the temperature and method used during the coating fabrication, most sol-
vent is released from the fabricated film, resulting the gelation of the film. Same
reactions that lead to gelation also lead to the syneresis of the material. Syneresis
is a shrinkage process of the gel network resulting in the expulsion of liquid
from the pores [11]. Syneresis leads to brittle materials, which crack easily dur-
ing further film processing steps. The unwanted syneresis of the network can be
diminished by aging or by using suitable covalently bonded organic groups in
the inorganic material network. During the aging process, new metal-oxygen-
metal bonds are formed via the condensation reactions [8].

Fabricated film achieves its final form during the drying and sintering processes.
During the drying stage that can be performed thermally as well as by using IR-
or UV-irradiation, water and alcohol content of the material is reduced. The
evaporation of those species results in the porous structure. This, together with
syneresis, is the main disadvantage of sol-gel processed materials when com-
pared to bulk or films fabricated with traditional techniques. For example, the
conductivity values and refractive indices of the conductive oxides are relatively
far away from the bulk or traditionally fabricated materials, as described in
chapter 3.2.4.

During sintering, the porosity of the formed material can be reduced. Sintering is
typically performed thermally even though methods related to the use of lasers,
energetic ions and microwaves have also been introduced. During sintering the
material obtains its final form (glassy, crystalline, amorphous oxide etc.). How-
ever, too energetic or fast sintering processes lead to a highly porous or non-
stoichiometric material structure.

2.4 Organically modified sol-gel materials

In inorganic-organic hybrid materials, material properties related to inorganic
materials and organic materials are combined [12�14]. Typical inorganic prop-
erties are high temperature and chemical stability, hardness, brittleness, high
stress, and low coefficient of thermal expansion, whereas properties such as
elasticity, low stress, photoreactivity and high coefficient of thermal expansion
are closely related to the organic materials. This type of combination of different
kind of material properties offers extraordinary possibilities to fabricate multi-
functional coating materials, which in general are complicated to produce by
other methods.
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2.4.1 Complexes prepared using metal alkoxides

One method of introducing organic functionalities into inorganic materials is the
use of complexes where organic groups are attached to inorganic material via an
oxygen bridge. In such cases M-O-C or a related bond have to be stable against
hydrolysis or other reactions occurring during the sol-gel synthesis.

Due to the polarized metal-oxygen bonds in the direction Mδ+�Oδ-�C, metal at-
oms in metal alkoxides are susceptible to nucleophilic attack. The presence of
vacant orbitals in metals, which can accept electrons from nucleophiles, and the
oxygen atom susceptibility to electrophiles, render metal alkoxides highly reac-
tive [7]. As already shown, metal alkoxide not only reacts readily with water and
alcohol, but also with alkanolamines, carboxylic acids, β-diketones and β-
diketoesters, Schiff bases, oximes hydroxylamines, and glycols [7].

The synthesis of complexes for the fabrication of hybrid inorganic-organic mate-
rials is mostly based on the reactions between carboxylic acids or β-diketones
with metal alkoxides.

2.4.1.1 Reactions with carboxylic acids and acid anhydrides

Metal alkoxides react readily with carboxylic acids and acid anhydrides. During
the reaction alkoxo groups are substituted for carboxylate groups as shown in
Eqs. 7 and 8 [7]:

M(OR)x + nR'COOH → (R'COO)nM(OR)x-n + ROH   (7)

M(OR)x + nR'(CO)2O → (R'COO)nM(OR)x-n + nR'OOR   (8)

Reactions of metal alkoxides with carboxylic acids are thermodynamically facile
since carboxylate tend to act as bidentate ligands (Figure 3) [7]:

M
O

CR'

O

Figure 3. Bidentate binding in metal carboxylate [7].

Depending on the molar ratios, metal, and the nature of the reactive carboxylates
and the leaving alkoxo group, the reaction yields metal alkoxide mono, di-, and
tri- carboxylates. In most cases, homoleptic carboxylates are hard to obtain due
to the decomposition of heteroleptic alkoxide carboxylates (M(OR)x-y(OOR')y)
with increasing y to oxo-carboxylates and alkyl esters and eventually to oli-
gomeric species [7].
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2.4.1.2 Reactions of β-diketones

The enolic form of β-diketone (R'C(O)CH=CH2C(OH)R'') contains a reactive
hydroxy group, which reacts with metal alkoxides to yield mono- and bis-β-
diketonate complexes according to Eq. 9,

M(OR)x + yR'C(O)CH=CH2C(OH)R'' → 

M(OR)x-y(R'C(O)CH=CH2C(O)R')y + yROH                    (9)

where y = 1�2, and R' and R'' an alkyl or an aryl group [7,15�16].

The structure of bis-β-diketonate bis-alkoxide complexes is far more widely
understood than the structure of corresponding carboxylates.

Structural analysis of bis-β-diketonate bis-alkoxide tin complexes have shown
that alkoxo groups are mainly in cis-position surrounding the tin atom [15�16].
The cis-configuration is more stable than the trans configuration since RO- lig-
ands act as σ- and π-donors and π-bonding is most easily achieved if the alkoxo
groups are located in cis-position [16]. Moreover, during the 119Sn NMR studies
of tin bis-isopropoxide bis-benzoylacetonate complexes major resonances con-
tributed to cis isomers, whereas the resonances due to trans isomers showed
intensities of only 6 % of the major peaks [15]. The possible cis and trans iso-
mers for tin bis-alkoxo bis-β-diketonate complexes are shown in Figure 4. In
compounds where R1 differs from R2, three major resonances corresponding to
three possible cis isomers can be seen [15].
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Figure 4. Possible isomers for tin bis-alkoxo bis-β-diketonate complexes [15].

2.4.2 Organometallic route

Hybrid materials derived via the organometallic route are generally attributed to
silicon alkoxide derivatives. Organometallic silicon alkoxides, in addition to
alkoxo groups, contain an unhydrozylable ≡Si-C- bond (R'

xSi(OR)4-x). Depend-
ing on the nature of R', it can behave as a network modifier or, if it is polymeri-
zable, as a network former [17].

The network forming capability is typically obtained by using methacrylate or
epoxy containing organic groups. These groups can be polymerized by radical or
anionic polymerization, respectively. In Figures 5 and 6, organic network for-
mation without cross-linkers is shown [18]. These reactions are also valid in
materials where polymerizable groups are attached to the metal atoms via an
oxygen bridge and therefore R in Figures 5 and 6 corresponds to metal or met-
alloid alkoxides bonded to the organic functionality via M-C or M-O-C bonds.
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Organic moieties can also behave as network modifying groups. These groups
have a significant effect not only on the mechanical properties of the films, but
also on the chemical nature of the material. For example, by appropriate choice
of the organic functionality, materials or surfaces capable of antibody immobili-
zation can be realized. These kind of materials contain organic moieties such as -
(CH2)3NH2,, -(CH2)3SH-(CH2)3 and CH2S(CH2)2CHO [17].

Another striking application of the use of organosilicon alkoxides is exploited by
superhydrophobic or superhydrophilic surfaces. Superhydrophobicity can be
achieved by the combination of fluorinated alkyl groups having a low surface
energy and by using sol-gel derived nanoporous materials to increase air � liquid
interface on liquid � film boundary [19]. Using a corresponding technique, such
materials for sensor and sealing applications have already been realized in our
laboratory (Figures 7 and 8).
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Figure 7. A FESEM-image (field-emitting scanning electron microscope) of the
nanoporous boehmite (AlOOH) surface derived from acetylacetone modified
aluminum tri-sec-butoxide.

Figure 8. Superhydrophobic and superhydrophilic properties of the sol-gel de-
rived materials. Left: a water droplet on a nanoporous fluoroalkyl silane sur-
face. Middle: a water droplet on a soda-lime glass surface. Right: a water
droplet on a nanoporous silane surface.

2.4.3 Organic moieties doped in the hybrid network

Organic materials can also be doped into the sol-gel matrix. In these types of
materials, polymeric or monomeric molecules exist as a separate functional
phase or molecule in an inorganic or inorganic-organic hybrid matrix. In order to
achieve efficient doping, fabricated hybrid matrices have to be modified in such
a way that molecules and polymers are soluble in the forming solid matrix in the
required amounts to properly perform the desired functionality. Matrix effects,
such as polarity, pH, ions etc., also have to be modified in such a way that they
do not disturb the functionality of the active molecule. In some cases, the trap-
ping of organic materials in a hybrid sol-gel derived network affects the proper-
ties of the organic material in a positive way [20].



21

3. Conductive tin dioxide coatings
Transparent conductive tin dioxide thin films have been attracting active interest
since they can be used in many types of applications, especially in the field of
optoelectronics [21]. Among optoelectronic applications, pure and doped tin
dioxide thin films are potential candidates for transparent electrodes in display
devices [22�23] and solar cells [23]. Furthermore, tin dioxide thin films can be
used as gate electrodes for charge injection devices (CID) and charge-coupled
devices (CCD) [23]. Other types of devices that can be realized using tin dioxide
and its derivative films include heat mirrors [24], thin film resistors [23], trans-
parent heating elements, touch sensitive switches, and applications in which
microwave shielding or protection against the electrical discharge are required
[21].

For all the above-mentioned applications, pure and doped tin dioxide thin films
are alternative materials for the widely used tin doped indium oxide (ITO) coat-
ings. The main advantage of tin dioxide thin films over ITO coatings is their
price. Moreover, in comparison to other types of transparent conductors, ex-
cluding zinc oxide, the electrical properties of tin dioxide thin films are sensitive
to different type of gases, including CO, CO2, H2S and alcohols [25]. Therefore,
different types of tin dioxide thin films have also been attracting much interest in
gas sensing devices.

During the next chapters, the basic features of pure and antimony-doped tin di-
oxide coatings are first presented. In chapter 3.2, commonly used methods for
the sol-gel fabrication of the transparent conductive tin dioxide coatings are
shown and compared to the coatings obtained with traditional techniques. Dur-
ing that chapter, the effect of argon-plasma treatment on the conductivities and
optical transmission of the films is also presented. In chapter 3.3, a new method
for the finely patterned, conductive and transparent antimony-doped tin dioxide
structures is presented together with the precursor synthesis and characterization.

3.1 Properties

3.1.1 Tin dioxide

Tin dioxide is a degenerate n-type wide band gap semiconductor that has a direct
optical band gap of 3.87�4.3 eV [23]. The transmittance of the tin dioxide at
near-IR and visible wavelengths is high, typically over 80 % for thicknesses of a
few hundred of nanometers, with plasma edge at about 3.2 µm. Tin dioxide,
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cassiterite, has a tetragonal rutile type crystal structure. Tin dioxide thin films
fabricated with different deposition techniques are typically polycrystalline,
retaining the crystal structure of the bulk material. The preferred orientation of
the crystallites, as well as the crystal size, are dependent on the precursor, depo-
sition techniques and conditions.

The conductivity of undoped tin dioxide is determined by oxygen vacancies, the
concentration of which is difficult to control. Furthermore, reducing or oxidizing
atmospheres have been found to strongly affect the conductivity of pure tin di-
oxide [26]. Changes are attributed to the electron mobility (µ) rather than to the
concentration of the charge carriers (N) [27]. This is caused by the chemisorp-
tion and desorption of oxygen from the grain boundary. Chemisorbed oxygen at
the grain boundary forms a space of positively charged layer just below the sur-
face of the tin dioxide and a potential barrier between the particles increases,
leading to the decreased mobility of the electrons and hence to the reduced con-
ductivity [25, 27]. Desorption of the oxygen from the grain boundary has an
opposite effect on the electron mobility and electric conductivity. Due to these
reasons, undoped tin dioxide thin films lack the thermal stability, and the doping
of tin dioxide in order to introduce electron degeneracy and environmental sta-
bility is preferred [28].

3.1.2 Antimony-doped tin dioxide

The best dopant according to the conductivity values and optical characteristics
of doped tin dioxide thin films is fluorine. Fluorine doping is, however, rela-
tively hard to perform using sol-gel or other liquid phase deposition techniques,
even though it has been reported in a few cases [29�30]. The most commonly
used dopant for increasing the n-type conductivity of tin dioxide thin films is
antimony. There are also numerous other dopants that have been used in order to
increase the conductivity of tin dioxide thin films, for example As, Mo, Ti, and P
[23, 31�32]. The effect of these alternative dopants on the conductivity values of
tin dioxide thin films is negligible.

Sb5+ and Sn4+ cations have approximately the same ionic radii (0.71 Å and 0.65
Å, respectively) [33]. Therefore Sb5+ cations can easily be incorporated into the
SnO2 matrix by substitution of tin atoms with no discernible differences in the
unit cell parameters [34]. Effective substitution of tin by antimony is also crucial
in order to avoid the formation of solid solutions (e.g. Sb2O5-SnO2) or mixed
compounds with host oxide both affecting the conductivity of the material.

The dopant Sb5+ acts as a donor increasing the donor level by 35 meV [23], and
hence shows the n-type conductivity. The increased carrier concentration shifts
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the plasma edge from 3.2 µm (undoped tin dioxide) to 1.3 µm (tin dioxide doped
with antimony) [34]. This occurs because the 'electron gas' (degenerated elec-
trons) becomes reflective to radiation below its frequency [35]. Frequency (υ) is
an increasing function of charge carriers (N) [35]. Because υ = c⋅λ-1, where c is
velocity of light, and λ is a wavelength, increasing carrier concentration, conse-
quently, result in reflectivity at lower wavelengths. This is a common factor for
transparent conductors as exemplified by the case of tin-doped indium oxide and
fluorine-doped tin dioxide coatings [36]. Increased carrier concentration in anti-
mony-doped tin dioxide thin films also causes a relatively large band gap broad-
ening [31, 34], which is attributed to the Moss-Burstein effect [23].

Antimony has another stable oxidation state, +III. If the oxidation state of anti-
mony is +III in a tin dioxide matrix, antimony dopant acts like an electron ac-
ceptor creating a hole, an electron trap, in n-type semiconductor and decreases
the conductivity [23, 37].

The carrier mobility is restricted by ionized impurity scattering and grain bound-
ary scattering [23]. Due to the ionized impurity scattering, the conductivity val-
ues start to decrease when the optimum doping level is exceeded. In most cases
the optimum antimony-doping level is from 5 to 7 at.-%. Increase in the grain
size due to the antimony-doping decreases the grain boundary potential through
the film, and also the grain boundary scattering [23]. On the other hand, Sb5+

cations on grain boundaries induce a charged surface site. They produce a sig-
nificant increase in the surface energy of the material, increasing the content of
chemisorbed oxygen on the surface. This increases grain boundary scattering by
increasing the grain boundary potential. Other factors assumed to be limiting
factors for the conductivity of antimony-doped tin dioxides are the precipitation
of Sb2O5 and the increased disorder [23].

3.2 Sol-gel derived tin dioxide coatings

Traditional deposition techniques for tin dioxide and antimony-doped tin dioxide
thin films include atomic layer epitaxy (ALE), chemical vapor deposition
(CVD), physical evaporation, spray pyrolysis and sputtering [31, 34, 38�39].
The possibilities to fabricate undoped and doped tin dioxide coatings using liq-
uid phase deposition techniques, such as aerosol [40], sol-gel [41�42], and par-
ticulate methods [43], have been investigated since the 1980's.
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3.2.1 Inorganic route

Due to the high solubility and low cost of the tin and antimony(III) chlorides, the
majority of the tin dioxide and antimony-doped tin dioxide coating solutions
(sols) have been prepared using the inorganic sol-gel method. The simplest way
of fabricating the coating solutions is to dissolve tin and antimony chlorides
(SnCl2⋅2H2O, SnCl2(OCOCH3)2, SnCl4, SnCl4⋅4H2O, SnCl4⋅5H2O and SbCl3)
separately in alcohol. After mixing and aging, the solutions can be deposited on
substrates using dip-, spin- or spray-coating techniques [32, 42, 44�45].

During our research, we have used an even simpler approach [I, 46]. Coating
solutions with the desired antimony-doping level were prepared simply by
dissolving tin(IV) chloride tetrahydrate with a desired amount of antimony(III)
chloride in ethanol. After refluxing, a small amount of Triton X-100 was added
as a detergent to the solutions before the coating procedure. The drawback of all
these direct salt methods is the easily vaporizable chlorine-containing tin and
antimony compounds, which are lost during the early stages of the post
treatment. This leads to inaccuracies in actual doping level determinations.

Another method is to fabricate sols by precipitating antimony ions containing
SnO(OH)2 from aqueous solutions using ammonium hydroxide. A stable coating
solution can be achieved by peptizing the washed precipitation with ammonium
hydroxide [47�48]. By using this technique, the formation of easily evaporating
antimony-based compounds can be avoided. However, in this method, the actual
antimony-doping concentration in the precipitate also differs from the theoretical
value [48].

3.2.2 Coating solutions derived from alkoxides

Tin and antimony alkoxides are another group of widely used precursors, while
conductive tin dioxide coatings using Sn-2-ethylhexanoate [49] and Sn(II)-
citrate [50] precursors have also been produced. In the alkoxide method, tin alk-
oxides are generally first prepared from tin chlorides using salt elimination (Eqs
10 and 11) and base-catalyzed alcoholysis (Eqs 12 and 13) [4, 51�52]. At this
stage, it has to be pointed out that the direct reaction between tin chlorides and
alcohols does not lead to pure tin alkoxides, as assumed by Terrier et al. [53],
but to the formation of mixed chloro-alkoxides [4, 7].

2SnCl4 + 9NaOEt → NaSn2(OEt)9 + 8NaCl                    (10)

NaSn2(OEt)9 + HCl → 2Sn(OEt)4 + NaCl + EtOH (11)

SnCl4 + 2HNEt2 → SnCl4(HNEt2)2            (12)
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SnCl4(NHEt2)2 + 2NHEt2 + 4HOR → Sn(OR)4 + 4H2NEt2 +Cl-  (13)

A safer and better way is to use commercial tin and antimony alkoxides such as
butoxides [54], isoproxides and ethoxides [41, 55] as well as ethylhexano-
isopropoxide [49]. Some research groups have also used antimony chlorides
together with tin alkoxides [56].

Coating solutions are usually prepared by dissolving the alkoxides in appropri-
ate, preferably inert, solvents. In some cases, unhydrolyzed solutions are used as
coating solutions [27, 52, 54] while hydrolysis of the alkoxides are also carried
out. In order to prevent the precipitation of metals during the hydrolysis, suitable
chelating ligands such as glycols, ethanolamines, β-diketones or carboxylic acids
are generally used to reduce the hydrolyzation rate of tin alkoxides [41, 55].
Another technique has been the direct addition of water to the alkoxide solution.
In that case, precipitation has been avoided by using strictly controlled amounts
of water, or by using alkoxo ligands with a higher covalent character [51, 56].

3.2.3 Fabrication of pure and doped tin dioxide coatings

In order to achieve the conductive films, post treatment at elevated temperatures
is required to crystallize the material and remove the organic or/and vaporizable
inorganic moieties (chlorine containing species). The temperatures required for
crystallization are typically around 400°C. High annealing temperature is a re-
striction, because organic substrates cannot be used. Furthermore, in the case of
low glass transition temperature (Tg) glass substrates, barrier layers have to be
used in order to prevent the diffusion of Na, K and Ca ions from glass to film.
Another opportunity is to use High Tg substrates, such as boro-silicate or quartz.

3.2.4 Electrical properties of the Sol-gel deposited Sb:SnO2 films

Even though sol-gel processing offers advantages such as homogeneity, purity,
easy control of film thickness, the ability to coat large and complex surfaces
[57], simple and cost-effective processing, and moreover the ability to produce
ultrafine films [22, 58] it also has several disadvantages. The most crucial disad-
vantage is the low conductivity of the fabricated thin films, especially in the case
of single layer coatings. In Table 1 typical electrical conductivities of antimony-
doped tin dioxide coatings fabricated using different techniques are compared
[31, 59].
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Table 1. Typical conductivity values for antimony-doped tin dioxide thin films
fabricated with different deposition techniques [31, 59].

Deposition technique σ [S/cm]
CVD 1820
Evaporation 4000
Spray pyrolysis 1270
Sputtering 770
Sol-gel (single layer, 200 nm) 60
Sol-gel (10 layers, 200 nm) 250

The low conductivity values arise from the fact that sol-gel derived thin films are
highly porous with small crystal sizes. However, by multiple coating � thermal
annealing cycles, conductivity values of sol-gel fabricated pure and antimony-
doped tin dioxide thin films can be increased. In Figure 9, the effect of multiple
coating � thermal annealing cycles to the resistivity values, which are inverse
values of conductivities, of antimony-doped (6.9 at.-%) tin dioxide thin films is
presented. Films are fabricated using the deposition solutions prepared according
to our sol-gel salt method [I, 46].
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Figure 9. The effect of multiple deposition � heat treatment cycles on the electri-
cal resistivity of sol-gel salt method fabricated thin films [46].

According to Figure 9, the resistivity does not decrease linearly with increasing
film thickness (i.e. precisely increase number of layers). A similar trend in resis-
tivity with increasing film thickness has also been reported earlier [22, 42]. This
behavior has been explained in terms of layer morphology. The layer cross-
section, analyzed by TEM, shows that each individual layer consists of a denser
interface lying on the top of more porous material. This denser fraction de-
creases the overall resistivity of the coating [42]. It has been noted that the pores
of the first layer will be filled when the second layer is applied [22]. It can be
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assumed that the decrease in resistivity depends on both mechanisms, because
the difference of resistivities between the first and second layer is so drastic (see
Figure 9). After the deposition of the second layer, the decrease of film resistiv-
ity is almost linear.

The effect of different precursors, heat treatment techniques, and the CO2 laser
densification on the electrical properties of antimony-doped tin dioxide thin
films have widely been investigated by Gasparro et al. [59]. During their inves-
tigation they observed that the stabilization of salt method fabricated coating
solution is required. This is due to the high chlorine content of the solution,
which leads to the formation of volatile antimony and tin compounds, which are
lost during the early stages of the sintering process. Films prepared with the
alkoxide method do not show a similar effect. It was also observed that films
fabricated using the spray pyrolysis technique have larger grain size when com-
pared to sol-gel fabricated films. This leads to higher carrier concentration and
mobility when compared to smooth and porous sol-gel derived films [59]. How-
ever, the porosity of the sol-gel-derived films can be reduced using CO2 laser
irradiation. This leads to denser structure in comparison to thermally treated
films and hence to better conductivity. Canut et al. [60] have also investigated
the possibilities to increase the density of sol-gel fabricated antimony-doped tin
dioxide thin films. They observed that by using 300 keV Xe+ ions at fluences up
to 4⋅1015 cm-2, the density of single layers increases from 38 % to 82 % of the
bulk tin dioxide density.

Another factor affecting the conductivity of the sol-gel derived antimony-doped
tin dioxide thin films is the oxidation state of the antimony. Terrier et al. [61]
have investigated the oxidation states of antimony in the tin dioxide fabricated
by sol-gel salt method. Their measurements indicate the presence of two oxida-
tion states for antimony. Antimony occurs as Sb5+ with low antimony-doping
concentrations. As antimony-doping concentration increases, the Sb3+ species
overcomes Sb5+. The presence of two oxidation states has also been found by
other authors using different methods [33, 62]. The presence of Sb3+ in a Sb5+

doped tin dioxide matrix leads to the compensation of the electron degeneracy
created by Sb5+, thus leading to reduced conductivity. Another contradictory
observation was that the crystal size decreases as the antimony-doping level
increases. This is understandable in terms of increased stress at the tin dioxide
matrix due to the different oxidation state and ion size of the antimony dopant
[61], but antimony-doped tin dioxide thin films fabricated using different depo-
sition techniques, including the sol-gel method, have been widely reported to
have larger crystallite size when compared to undoped films [III, 23, 41].
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It can be concluded that the main problem related to the sol-gel derived pure and
antimony-doped tin dioxide thin films is their high porosity. This leads to rela-
tively low conductivity values when compared to films deposited by other tech-
niques and also to low refractive indices (1.6�1.8) when compared to bulk tin
dioxide (2.2). The transmission values of pure and antimony-doped tin dioxide
thin films are comparable to or better than those of thin films fabricated using
other techniques. As described above, methods of increasing electrical conduc-
tivities during the sintering are under extensive investigation.

3.2.5 Post-treatment techniques

Although fabrication of tin dioxide and antimony-doped tin dioxide thin films
have been studied carefully, there are relatively few reports about the possibili-
ties to enhance the electrical properties of sol-gel prepared tin dioxides after the
final film formation. Sentugguvan and Malhotra investigated the effect of differ-
ent atmospheres during the annealing and also the effect of post treatment at
hydrogen plasma on the conductivity of pure and antimony-doped tin dioxide
thin films [28]. They observed that the vacuum and hydrogen annealing in-
creases both carrier concentration and carrier mobility and hence results in the
increase in the conductivity values of antimony-doped (3�7 at.-%) tin dioxide
thin films by one to two orders of magnitude. Annealing in oxygen and argon
atmospheres has the opposite effect on the conductivity.

We have investigated the effect of argon-plasma post treatment on the electrical
conductivities of antimony-doped tin dioxide thin films [I]. Argon-plasma can be
expected to increase the electrical conductivity of the thin films by removing the
depletion layer and increasing the amount of oxygen vacancies.

The antimony-doped (theoretical Sb of 13.8 at.-%, in order to obtain maximum
conductivity) tin dioxide sols were prepared as described earlier [I,46]. The thin
film coatings were deposited on borosilicate glass substrates. Films were pre-
pared by the spin-coating method. Films were allowed to dry in a stabilized at-
mosphere at a relative humidity of 45% and a temperature of 25°C and then
dried at 150°C for 30 minutes. The drying stage was immediately followed by
sintering in a belt furnace in an air atmosphere (maximum 620°C for 20 min-
utes). The deposition procedure was repeated three times to increase the thick-
ness of the film after which the films were argon-plasma treated [I].

The conductivity measurements clearly show that argon-plasma treatment in-
creases the electrical conductivity of thin antimony-doped tin dioxide films. The
maximum increase in conductivity was found in films treated in argon-plasma
for 20�75 minutes, from 138 to 400 (S/cm). Thus, sol-gel fabricated antimony-
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doped tin dioxide films may be said to be highly sensitive to argon-plasma. The
achieved conductivity is, however, not stable under ambient conditions, but
starts to decrease immediately after removal from the plasma chamber [I]. It can
be concluded that argon-plasma can be used in the production of conductive tin
dioxide coatings in order to improve the batch-to-batch reliability of the electri-
cal properties of thin films. However, coatings have to be protected from ambi-
ent atmosphere conditions.

We have also investigated the effect of argon-plasma treatment on optical prop-
erties of the undoped and 5 at.-% antimony-doped samples [63]. Also in this
case, the argon-plasma treatment of the fabricated antimony-doped and undoped
tin dioxide films has a drastic effect not only on their electrical, but also on their
optical properties. The conductivity of these films increases over two orders of
magnitude for undoped and 450 % for 5 at.-% antimony-doped tin dioxide thin
films. The optical transmissions decrease 14 % and 10 % at 550 nm respectively,
as shown in Figures 10a and 10b. Optical transmission returned to the original
level when samples were stored at ambient atmosphere
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Figure 10. a) SnO2 and b) Sb:SnO2 (5 at.-% Sb) transmissions as a function of
the plasma exposure: black line untreated, red line 60 s and green line 300 s. ▲
and ■  indicate transmittances 50 and 170 hours after the longest plasma expo-
sure, respectively [63].

3.3 Directly photopatternable tin dioxide thin films

Patterning of film is needed in applications utilizing transparent conductive un-
doped and antimony-doped tin dioxide thin films. Due to the high chemical du-
rability of tin dioxide [64�65], fine patterning of tin dioxide thin films by wet
etching has been reported to be rather complicated. Although dry etching pat-
terning has been successfully demonstrated, it is usually a time-consuming
multi-step processes, capital expensive, substrate size limited and requires spe-
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cial equipment. Therefore ITO coatings are favored over conductive tin dioxide
thin films. However, the electrical and optical properties of ITO are not ideal for
all proposed applications, especially for transparent cathodes in organic light
emitting diodes (OLED) [66]. For those applications, pure and antimony-doped
tin dioxide thin films are cost-effective alternatives. Accordingly, new material
approaches for fast and cost-effective fine patterning of tin dioxide and its de-
rivative thin films are required.

In order to resolve the problems related to the fine patterning of pure and doped
tin dioxide thin films, a new approach employing a combination of direct photo-
lithographic processing of liquid phase deposited organo-tin films, followed by
thermal annealing has been reported to be successful. Conductive tin dioxide
structures and, in our case, antimony-doped tin dioxides have been fabricated by
using photo-reactive poly(4-((trimethylstannyl)methyl)styrene) [64], acetyl ace-
tone modified tin(II) chloride [65], n-phelyldiethanolamine modified tin 2-
propoxide [67], and methacrylic acid or benzoylacetone modified, antimony-
doped tin alkoxides [II�IV]. A similar strategy has also been utilized in order to
fabricate directly photopatternable ITO coatings via the modification of indium
2-propoxide with benzoic acid [68].

3.3.1 Synthesis and film fabrication

3.3.1.1 Methacrylic acid modified precursors

Our first approach was to synthesize the directly photopatternable pure and an-
timony-doped tin dioxide materials by direct reaction between methacrylic acid
with tin and antimony alkoxide solutions [II�III]. Formed complexes can be
polymerized via UV-induced radical polymerization as shown in Figure 5. Due
to the polymerization UV-irradiated areas have lower solubility in comparison to
unexposed areas; negative tone behavior.

As a first step, the tin(IV) isopropoxide and antimony(III) isopropoxide were
dissolved separately in dry 2-isopropoxyethanol (2-IPE). In order to obtain the
desired antimony-doping level (1�10 at.-%), a suitable amount of antimony alk-
oxide solution was added and subsequently mixed well with the tin alkoxide
solution. Methacrylic acid was added to the metal alkoxide solution. The amount
of the added methacrylic acid needs to be twice the amount of tin and antimony
alkoxides in order to fabricate directly photopatternable films.

IR-spectroscopic analysis (see Figure 11) clearly showed the formation of
methacrylic acid modified tin alkoxides. The IR spectrum of pure methacrylic
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acid showed carboxylic band, i.e. C=O stretching band at 1716 cm-1. In the
spectrum of the synthesized complexes of tin(IV) isopropoxide and methacrylic
acid, the intensity of the carboxylic band of methacrylic acid was significantly
decreased. Furthermore, two new bands appeared at 1535 and 1416 cm-1 indi-
cating the formation of an oxalate, in which the C�O bond order is 1.5 [69�70].
The residual �COOH peaks (around 1716 cm-1) in the IR spectrum of the reac-
tion product indicate that part of the methacrylic acid did not react with tin(IV)
alkoxide. Another possibility is that in the liquid phase, chemical equilibrium
between unsubstituted, and mono- and di-methacrylic acid substituted tin alk-
oxide species occurs. This equilibrium has also been reported to occur with β-
diketone modified tin alkoxides [15].
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Figure 11. IR-spectra of tin(IV) isopropoxide (green), methacrylic acid (red)
and tin(IV) isopropoxide and methacrylic acid (black) in 2-isopropoxyethanol
[70].

Mass spectroscopic analysis (ESI-TOF) supports the latter possibility by show-
ing unreacted, mono- and bis-methacrylic acid substituted tin methoxide com-
pounds both in the positive and negative mode, see Table 2. [70]. Methanol was
used instead of 2-IPE during the mass spectroscopic analysis due to the equip-
ment requirements. Compound identifications were also verified by high preci-
sion mass measurements for ions producing peaks at m/z 321 and 375.
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Table 2. Peaks in ESI-TOF mass spectra of methacrylic acid modified reaction
mixture [70].

m/z Identification
Positive ion mode

267 [Sn(OMe)4Na]+

321 [Sn(OMe)3OOCC(CH3)CH2Na]+

375 [Sn(OMe)2(OOCC(CH3)CH2)2Na]+

Negative ion mode
275 [Sn(OMe)4(OMe)]−

283 [Sn(OMe)4(Na)(H2O) -2H]−

329 [Sn(OMe)3OOCC(CH3)CH2(OMe)]−

The reaction between tin(IV) isopropoxide, methanol and methacrylic acid, car-
ried out in dry hexane with molar ratios of 1:4:2, respectively, yields products
which can be crystallized at -18°C [71]. Unfortunately, we have not been able to
determine the crystal structure yet, but the 119Sn solid state MAS NMR spectrum
was acquired from powdered crystals. Chemical shifts were referenced to stan-
dard Sn(CH3)4 scale by calibrating the shifts using SnO2 as a standard (δ = �603
ppm). The solid state 119Sn MAS NMR spectrum shows one signal with the
chemical shift �691 ppm that is typical for tin coordinated with six oxygen nu-
clei. The solution 1H NMR spectra were additionally acquired in deuterated di-
methyl sulfoxide (DMSO-d6). Chemical shifts were reported relative to trimethyl
silane (TMS). Interestingly, in the 1H NMR spectrum of dissolved crystals, we
obtained, together with methoxy and methacrylic acid signals, a doublet at 1.06
ppm (JHH = 6.1 Hz) and septet at 3.77 ppm (JHH = 6.1 Hz) corresponding to iso-
propoxide protons. This observation clearly indicates that in the presence of
several possible ligand molecules, the metal alkoxide chemistry is much more
complicated than commonly assumed.

Suitable photoresponse for coating solution (prepared using 2-isopropoxyethanol
(2-IPE)), was achieved by dissolving 2 wt.-% of a radical UV-photoinitiator,
Irgacure 819 (Ciba), with respect to methacrylic acid into the synthesized solu-
tions. Pure and antimony-doped tin dioxide thin films were produced by the
spin-coating method. After the spin coating, the films were patterned by using a
binary photomask and the UV-irradiation from a mercury UV-source (10
mW/cm2 at 365 nm). UV-doses between 300 and 400 mJ/cm2 have been used.
Isopropanol, containing less than 0.1 % water, was used as a developer. After
development, patterned organo tin polymer was thermally annealed onto the
crystalline, pure or antimony-doped tin dioxide in ambient atmosphere at ele-
vated temperature. The highest temperature during the thermal annealing of the
samples was 560°C for 20 minutes. The differential scanning calorimeter (DSC)
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measurements indicate that the crystallization of these materials occurs between
390°C and 415°C, the temperature being lower both the for photopatterned and
the antimony-doped samples [III]. In Figures 12a and 12b the fabricated thin
film structures are presented. The smallest feature size during the experiments
was 3 µm [II].

Figure 12. Fabricated thin film structures. a) Presents a SEM image of a pat-
terned grating structure with 6 µm line width. b) A cross sectional profile (Wyko
NT 2000) of a conductor line with 25 µm line width [II].

3.3.1.2 Benzoylacetone modified precursors

In order to investigate the possibilities to fabricate patterned antimony-doped tin
dioxide thin films using other types of photoreactive ligands and moreover, to
examine the effect of the used ligand on the conductivity values of the films, we
also synthesized β-diketonate modified tin alkoxide precursors [IV].

It is widely known that β-diketones form bidental chelate rings with the central
metal atom in metal alkoxides by replacing the existing alkoxy ligand [16].
Chelate rings show absorption bands at UV wavelengths, which are characteris-
tic of the π-π* transitions [72]. The UV-irradiation dissociates the chelate bonds
and simultaneously decreases the solubility of the material in solvents such as
alcohols, ketones or acids. Tohge et al. have done pioneering work in this field,
and they have successfully demonstrated the formation of directly UV-
photopatternable Al2O3-SiO2 [73], Al2O3 [74], ZrO2 [75], and PLZT (lead-
lanthanide-zirconium-titanate) [76], thin films using β-diketonate modified metal
alkoxides.

The synthesis of the photoreactive benzoylacetone modified tin alkoxides was
performed in a two stage procedure [IV]. Tin(IV) t-butoxide, antimony(III) 2-
propoxide and benzoylacetone were used as a precursors. During the first stage,
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t-butoxide ligands of tin and antimony precursors were replaced with 2-
isopropoxyethoxy ligands (OIPE). The ligand exchange reactions were con-
firmed using 1H & 13C NMR and mass spectroscopic techniques. In the second
stage, benzoylacetone modification was performed by adding benzoylacetone
(dissolved in 2-IPE) drop-wise into the pure Sn(OIPE)4 and Sb(OIPE)3 doped
solutions. The molar ratio of benzoylacetone has to be twice the amount of used
metal alkoxides in order to obtain the direct UV-photopatternability. The con-
centrations of the fabricated solutions were 0.5 M (Sn+Sb) in every case. Solu-
tions were allowed to react for 24 hours, after which they were used during 24
hours.

Tin(IV) 2-isopropoxyethoxides were characterized using 1H, 13C and 119Sn NMR
techniques [77]. The 119Sn NMR spectrum of pure tin(IV) 2-isopropoxyethoxide
(in deutered chloroform, CDCl3, 273 K) shows a big, sharp peak at -629 ppm
and also a very small, sharp peak at -617 ppm (relative to tetramethyl tin,
Sn(CH3)3), both corresponding to a six-coordinated tin atom. When temperature
is increased to 295 K, the peaks are broader, having approximately the same
integrated areas. When temperature is decreased to 320 K, the integrated areas
are the same but the peak at -617 ppm is sharp and the peak at -629 ppm broad.
The only difference at 1H NMR spectra is the increasing resolution towards
higher temperatures. In 13C -{1H}-NMR, the spectra peaks are sharper at higher
temperatures, but there are also small peaks at lower temperature in CH/CH2
region. The obtained results indicate two different tin environments, probably
due to the oligomerization or presence of different type of isomers.

Interestingly when synthesized tin(IV) 2-isopropoxyethoxide [IV] is reacted
with methacrylic acid in hexane, all 2-isopropoxyethoxide ligands were replaced
by methacrylic ligands resulting in Sn(OOCCH(CH3)CH2)4. 119Sn NMR spec-
trum (in CDCl3) showed only one eight-coordinated tin atom at -873 ppm. 1H
and 13C -{1H}-NMR spectra acquired in CDCl3 showed only one type of signal
identified to methacrylic acid.

In the 119Sn spectrum of synthesized benzoylacetone modified tin(IV) 2-
isopropoxyethoxide, three peaks at -693.4, -693.8 and -694.6 can be recognized
from fresh and 7 day-old samples. These peaks correspond to cis-isomers of bis-
benzoylacetone bis-2-isopropoxyethoxide tin (as shown in Figure 4) with inte-
grated areas of 28 %, 52 % and 20 %, respectively. The same signals with four
additional trans-isomer signals, whose intensity was about 6 % from cis-isomers,
has been obtained with bis-benzoylacetone bis-2-isopropoxide tin [15] (see Fig-
ure 4). The existence of four trans-isomers is not clear, even though assumptions
to association can be presented. When our solutions were aged (older than 12
days), weak signals (signal to noise ratio only 1:1) appeared corresponding to
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trans-isomers. In 13C -{1H}-NMR spectra peaks corresponding to 2-
isopropoxyethoxy and benzoylacetone ligands were recognized.

In this case, UV-photopatternable pure and antimony-doped organo-tin films
were also fabricated by the spin-coating method. The required UV-reactivity was
achieved by drying the films at 100°C for 10 minutes. For the structure pattern-
ing, films were UV-exposed using a contact binary mask and UV-dose of 7.2
J/cm2 (at 365 nm). Figure 13 presents the effect of 7.2 J/cm2 UV-irradiation to
the absorption of chelate ring [IV].

Figure 13. UV-spectra of unexposed and UV-irradiated pure and Sb-doped
samples, in which the BzAc vs. metal alkoxide ratio was 2. The black line corre-
sponds to undoped and the red line to 5 atl.-% Sb doped unexposed samples.
Black ( � ) corresponds to undoped and red ( � ) to 5 at.-% Sb doped
UV-irradiated (7.2 J/cm2) samples [IV].

After UV-irradiation, the unexposed parts, i.e. the more dissolvable regions, were
removed in an acetone bath. Films were annealed in air at 560°C for 20 minutes in
order to crystallize the films and remove the organics. Figure 14 presents a Wyko
NT 3300 3D, white light optical interferometer image from the patterned structure
of a 25 µm wide line structure after the thermal treatment [IV].

Figure 14. White light optical interferometer image from a patterned structure
after the thermal treatment. Line width is 25 µm [IV].
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3.3.2 Electrical properties

The optical transmissions were found to be over 85 % for all fabricated films
(50�100 nm) at visible wavelengths. Table 3 shows the electrical characteristics
of the fabricated single layered films with and without UV-irradiation [II�IV].

Table 3. Conductivities of unexposed and UV-irradiated pure and antimony-
doped tin dioxide single-layered coatings derived from methacrylic acid and
benzoylacetone modified precursors [II�IV].

Methacrylic acid modified precursors Benzoylacetone modified precursors

Conductivity (S/cm) Conductivity (S/cm)
Sb

(at.-%)
Unexposed UV-irradiated

(0.3 J/cm2)
Sb

(at.-%)
Unexposed UV-irradiated

(7.2 J/cm2)
0 0.02 0.3 0 0.005 0.007
1 1.2 4.9 1 4.8 5.9
5 5.4 13.8 5 17 17.2

10 2.0 3.3 10 9.3 7.8

According to conductivity values given in Table 3, UV-irradiated samples de-
rived from methacrylic acid modified precursors have higher electrical conduc-
tivity with all doping levels when compared to unexposed samples. The biggest
relative increase in the conductivity was obtained in the case of undoped sam-
ples (0.02 S/cm → 0.3 S/cm, 1500 %). The lowest magnitude of increase was
found for the highest investigated antimony-doping level (Sb 10 at.-%, 2.0 S/cm
→ 3.3 S/cm, 60 %). The reasons for this were found during the (powder x-ray
diffraction) XRD and (x-ray photon spectroscopy) XPS measurements [III].

According to the XRD diagram of the prepared powders, all samples were poly-
crystalline and correspond to the SnO2 structure (Figure 15) [III]. However, the
crystal size of the unexposed samples was found to increase with increasing
antimony-doping level from 10 nm for pure tin dioxide to 15 nm and 25 nm for
1 at.-% and 5 at.-% antimony-doped tin dioxide, respectively [III]. On the other
hand, the crystal sizes of all analyzed UV-irradiated samples were approximately
25 nm. Consequently, it follows that the polymerization of the methacrylic lig-
ands assists the crystallization of the samples.
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Figure 15. XRD diagram of a) unexposed and b) UV-irradiated pure and Sb-
doped tin dioxide powders. The black line corresponds to Sb doping level at 0
at.-%, The red line 1 at.-% and green 5 at.-%. Patterns marked by *, ¤ and +
correspond to cassiterite [ICDD number 71-0652], elemental antimony [05-
0562] and tin monoxide [72-1012 and 24-1342]], respectively [III].

Measurements were performed in order to be sure that UV-irradiation has the
same kind of effect on the crystal size of thin film samples as in the case of
powdered samples atomic force microscopy (AFM). From the AFM-
measurements [III] it can be concluded that the UV-irradiation has a remarkable
affect on the surface morphology of the undoped tin dioxide surfaces. There is a
small difference at the Rrms (root mean square roughness = average of the height
deviations and the mean surface) values of the UV-irradiated sample (0.263 nm)
when compared to unexposed samples (0.214 nm). A bigger difference can be
seen in Rpv (peak-to-valley roughness = maximum vertical height deviation)
values. Rpv for UV-irradiated samples were 2.353 nm. The corresponding value
for the unexposed sample was 1.834 nm [III]. In the case of 5 at.-% antimony-
doped samples, the differences between unexposed and UV-irradiated are negli-
gible. UV-irradiated surfaces look even smoother than in the case of undoped
samples and grain size increase cannot be seen. Observations during the surface
morphology analysis clearly indicate that the corresponding behavior (crystal
size) to the powder samples also occurs in the case of thin film samples [III].

Only C, O, Sb and Sn were detected in the X-ray photoelectron spectroscopy
(XPS) spectra recorded from annealed film surfaces. The carbon content and the
C 1s line shape were typical of the surface contamination detected in air-exposed
oxide surfaces. Furthermore, the C 1s line disappeared completely during the
first sputter cycles. Sputter profiles for oxygen, tin and antimony indicated ho-
mogenous elemental distributions throughout the film, apart from the outermost
surface, where the relative oxygen content was somewhat higher. Oxygen-to-
metal atomic ratios O/(Sn+Sb) were found to increase with increasing Sb doping
level from 2 to 2.6, which is lower than expected from the higher oxygen content
of the Sb-oxide alone. This could be attributed to changes in film composition,
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but it would also be enhanced by changes in surface energy due to the increasing
Sb content, which would increase the level of surface OH groups. Another inter-
esting observation was that throughout the series, both the Sb/(Sb+Sn) and
O/(Sb+Sn) ratios on the surface of the UV irradiated films were slightly lower
than those in the unexposed films. The UV irradiation seemed to facilitate a
more even distribution of Sb throughout the material, while a slight surface en-
richment is observed in the unexposed samples [III].

The XPS data indicates that UV-irradiation has a small but detectable effect on
the amounts of Sb and O on the surface of the samples. The lower amount of Sb
on the surface of the UV-irradiated samples may be attributed to lowered mobil-
ity of the Sb in the material, resulting in more even distribution of Sb through the
films. This assumption may explain some of the differences between the con-
ductivities of the unexposed and the UV-irradiated samples [III].

In conclusion it can be said that the observed increase in grain size explains the
differences in the conductivities of the unexposed and UV-irradiated thin films
prepared from methacrylic acid modified tin alkoxides. The increase of the
crystal size at low doping levels reduces the electron scattering at grain bounda-
ries and hence increases the mobility of the carriers as well as the conductivity.
For the samples with higher doping levels, this phenomenon does not cause an
increase in the conductivity values, as there is no significant difference in grain
size between unexposed and UV-irradiated samples. Due to this, the observed
increase in the conductivity values of the UV-irradiated samples with higher
doping levels may be attributed to the more even antimony distribution of the
UV-irradiated films, as suggested by the XPS analysis. On the other hand, it can
be seen from the values given in Table 3 that UV-irradiation has only a slight
effect on the conductivities in the case of films fabricated from benzoylacetone
modified precursors. A similar systematic increase in the conductivity values, as
in the case of films derived from methacrylic acid modified tin alkoxides, cannot
be seen. However, the conductivity values of these films are little bit higher, but
still a couple of orders of magnitude lower than the desired conductivity values
obtained with traditional coating techniques (103 S/cm).
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4. Materials for optical protection and
micro-optics

4.1 Laser protective eyewear

Protection of human eye and optronic devices against laser radiation has become
essential due to the wide use of lasers in both military and commercial applica-
tions. Laser eye protection requires high optical density at laser threat wave-
lengths and high transmittance at wavelengths where the device or eye (400�750
nm) is functional. The most dangerous wavelength region for the human eye is
in the near-infrared (NIR), 750�1400 nm. At those wavelengths invisible to hu-
man eye, the shutter reflex of the eye is not functional. Furthermore, NIR wave-
lengths are also focused by the lens on the retina of the eye, increasing the reti-
nal laser power density by five orders of magnitudes corresponding to the cor-
neal power density.

In addition to high optical density at laser threat wavelengths and high visible
transmission, protective eye-wear for military applications has to be mechani-
cally tolerant, its laser protective effect can not be angle dependent, it has to
prove satisfactory ballistic protection and it has to be cheap and suitable for mass
production. These requirements restrict the use of conventional laser protective
methods e.g. interference coatings, optically nonlinear molecules [78] and incor-
poration of absorption molecules into an organic polymer matrix [79].

The multifunctional sol-gel coatings offer a feasible way to achieve laser protec-
tive properties and mechanically tolerant surfaces with one coating. Different
types of laser dye molecules trapped into inorganic and hybrid sol-gel matrices
have been already realized [80�81]. The liquid phase processing of the sol-gel
materials provides an adequate way of mixing the dyes into the final solid ma-
trix, resulting in a homogeneously doped material. Furthermore, by varying the
chemical nature of the formed matrix via organic network modifying groups, the
solubility of the dyes in the inorganic or hybrid matrix can be enhanced, result-
ing in sufficient concentration of the dye molecules. Solubility of the dye mole-
cules in sol-gel matrix is also essential in order to avoid the aggregation of the
molecules, which leads to insufficient optical properties [78].

4.1.1 Mechanically tolerant sol-gel coatings

SiO2 films derived from tetra-alkoxy silanes not only have properties related to a
three-dimensional SiO2 network, but also porous structure typical of sol-gel
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processed materials. These properties include optical clarity at visible wave-
lengths, hardness, brittleness and low thermal expansion coefficient. For the
fabrication of mechanical protective coatings on plastic substrates, brittleness
has to be reduced and the thermal expansion coefficient has to be fixed at the
level of the used plastic substrate. By introducing organic functionalities to the
porous sol-gel derived SiO2 matrix, the above requirements together with denser
structures can be achieved at relatively low temperatures [17, 82]. Since the
middle of the 1980's, organic-inorganic hybrid materials have been developed
for the mechanical protection of plastic substrates [14, 17, 82�86]. These me-
chanically tolerant sol-gel fabricated hard coatings have been typically produced
either by polymer or particulate methods.

4.1.1.1 Polymeric method

In the polymer type of synthesis, an inorganic backbone is constructed by using
polymerizable alkyl chain containing silicon trialkoxides and metal, typically Ti,
Zr and Al, alkoxides. The incorporation of metal species in the SiO2 network
leads to a denser inorganic backbone and hence increased mechanical properties
[12]. However, the incorporation of metal species homogeneously in SiO2 net-
work via hydrolysis and condensation reactions is rather difficult to perform due
to the different reactivities of silicon and metal alkoxides. Therefore, an ad-
vanced method of overcoming the precipitation of metal species during the plain
water addition in mixed alkoxide solution has been developed. During the
chemically controlled condensation (CCC) method hydrolysis and condensation
reactions are controlled precisely by chemical water generation within the sys-
tem [12]. The water is produced by an ester formation in which the water mole-
cule is formed during the reaction between solvent alcohol and carboxylic acid
(Eq. 14):

ROH + R'COOH →
+H  R'COOR + H2O                  (14)

The formed water molecule partially hydrolyzes the highly reactive metal alk-
oxide. The partially hydrolyzed metal alkoxide reacts with the silicon/metal alk-
oxide group and leading to the formation of dimeric oxy-alkoxide as shown in
Eqs. 15 and 16:

H2O + M(OR'')x → M(OR'')x-1(OH) + R''OH (15)

Si(OR)4-x(R''')x + M(OR'')x-1(OH) → (R''')(OR)3-xSi-O-M(OR'')x-1 + ROH (16)

With the help of the CCC method water gradients leading to precipitation of
insoluble metal hydroxides can be avoided. However, as shown in Eq. 7 carbox-
ylic acid reacts readily with metal alkoxides result in bidental chelate type of
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metal complexes. This complex formation is widely used in order to prevent the
precipitation of metal alkoxides during the sol-gel material synthesis [87].
Hence, it might be possible that during the CCC method metal chelates are also
formed via the reaction between the carboxylic acid and metal alkoxide. There-
fore, instead of controlled water formation, precipitated metal hydroxides are
avoided by using less hydrolyzable [87] bidental metal chelates.

In order to increase the thermal expansion coefficient, plasticity (decrease of
brittleness) and material adhesion to plastic substrate, several organic network
modifiers and/or network formers are incorporated into the sol-gel matrix via
non-hydrolyzable Si-C bonds. These functionalities include methyl groups [82],
epoxies and methacrylates [12, 85], and isocyanatos with triamines and glycerols
[84]. From those organic functionalities, the methyl group has a pure network
modifying effect; by substituting one Si-O- bridge by methyl group, the coeffi-
cient of thermal expansionis increased from 5⋅10-7 to about 1⋅10-4 K-1 [17].
Moreover, by reacting polydimethylsiloxane (PDMS) with tetraethoxysilane
(TEOS) in a weight ratio of 10:90, the brittleness of the resulting material is
reduced from 3.63 (100 % of TEOS) to 1.88 µm-½ [82]. The index of brittleness
is obtained using the ratio H/Kc, where H is the Vickers hardness and Kc is the
fracture toughness.

Epoxy, methacrylic and isocyanato triamine/glyserol systems form correspond-
ing polymer types of networks. After material synthesis, polymeric networks can
be formed thermally or by UV-assisted polymerization using methacrylic or
epoxy functionalities. Methacrylic groups can be polymerized using UV- or
thermal radical initiators. In the case of epoxy groups, anionic initiators have to
be used during UV-curing. Unfortunately anionic initiators, such as triphenyl-
sulphonium hexafluoro phosphate (Ph3S)[PF6], are typically vulnerable to water
and therefore polymerization during the material synthesis is preferred. For that
purpose, metal alkoxides such as Zr(OR)4 and Al(OR)3 can be used to catalyze
the epoxy ring opening during the material synthesis [12, 83]. Isocyanato groups
react readily with triamines and glycerols result in organic network formation
during the material synthesis [84].

4.1.1.2 Particulate method

In the particulate method, hard coatings are fabricated from functionalized nano-
particles. The most used nanoparticles are TiO2, ZrO2 and AlOOH e.g. boehmite
[83, 86, 88�89]. In order to avoid Rayleigh scattering, the particle size has to be
at least ten times smaller than the wavelength propagating through the material
[90]. In particular this means that particle size has to be smaller than 20 nm
when operating at visible range.
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The functionalizing has been done by reacting nanoparticle suspensions with the
silicon alkoxides also used during the polymer method. The most used silanes
are 3-glycidyloxypropyl trimethoxysilane (GPMS) and methacryloxypropyl
trimethoxysilane (MPTMS). By using the latter silane, UV-curable hard coatings
have been achieved by the addition of a suitable radical initiator [86,89]. During
the nanoparticle functionalizing, the -OH group on the surface of the nanoparti-
cle reacts with the alkoxide group of the silane. As a result, stable suspensions of
nanoparticles coated with GPMS and MPTMS are formed. Before coating suit-
able modifiers (e.g. dimethacrylates, initiators, and leveling agents) are added to
the suspension. After film formation, the coatings are cured using UV- or ther-
mal treatments. In these types of coatings, hard oxide types of nanoparticles are
cross-linked together with inorganic and organic networks, resulting in superior
abrasion and scratch resistance. A schematic description of the material proc-
essing is shown in Figure 16.
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Figure 16. Scheme of the fabrication of particulate hard coating system [85].

4.1.2 NIR-Absorbing molecules

The restrictive factor for the absorption at near-infrared (NIR) wavelengths is the
relatively low energy of the NIR-radiation. The energy is too low to excite a
simple conjugated double bond system, but too high for absorption through mo-
lecular vibration and rotation. Hence, NIR-absorbing molecules have a relatively
large size containing long delocalized conjugated double bond systems [91].
Furthermore, NIR-absorption molecules are charged molecules containing an
electron acceptor-donor pair and also an inorganic counter ion. The structural
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properties of the NIR-absorbing molecules lead to the relatively low solubility of
the dye molecules.

Optical excitation in absorption molecules corresponds to the singlet-singlet
transition, from which the ground state to first excited state is the strongest [92].
If the energy of the incoming radiation is high enough, transition to higher sin-
glet states occurs. From the application point of view, this is another problem,
because the absorption bands of the higher singlet states typically lay at visible
wavelengths, reducing the amount of incoming light and disturbing the light
vision.

According to the above-mentioned facts, there is a limited number of suitable
absorption molecules for military protective eyewear. During our investigations
we have chosen the commercially available N,N,N',N'-tetrakis-(4-dibutylamino-
phenyl)-1H,4H-phenylene-1,4-diammonium di-hexafluoro antimonate (IR165,
Figure 17) molecule due to its optical properties [V], solubility in methanol and
high molar absorptivity (2.2⋅105 L mol-1 cm-1, in methanol).
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Figure 17. Molecular structure of IR165 and its spectral characteristics in polar
solvent [V].

4.1.3 Combined properties

The synthesis of the organic-inorganic hybrid sol-gel materials was related to the
earlier studies of H. Schmidt et al. [12�13]. Two types of coatings were synthe-
sized in order to investigate the solubility and functionality of the dye molecules
in cured films. The precursors for Coating 1 were glysidyloxypropyltrimeth-
oxysilane (GPMS), methacryloxypropyltrimethoxysilane (MPTMS), 2-
hydroxyethylmethacrylate (HEMA), tetramethoxysilane (TMOS) and alumin-
ium-tri-sec-butoxide (Al(O-s-Bu)3) with molar ratios of 4:1.5:1.5:2:1, respec-
tively. Coating 2 was synthesized from GPMS, propyltrimethoxysilane
(PTMOS) and Al(O-s-Bu)3 with molar ratios of 5:3:2, respectively. PTMOS was
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used to decrease the water uptake and the hydrocarbon permeability of the coat-
ing [13]. First, the precursor was mixed by vigorous stirring for ten minutes.
After this, deionized water soaked in silica gel was added to the solution. Silica
gel delivers water to the alkoxide mixture slowly and water gradients may be
avoided, preventing the precipitation of the aluminum compounds. The method
is comparable with the CCC method.

IR165 was used as the NIR-absorbing dye. IR165 was dissolved in acetone to
obtain a 10 mM solution. The final coating solutions were obtained by mixing
equal volumes of the sol-gel solution, dye solution and 0.3 wt.-% Byk-306 (lev-
eling agent). The coatings were fabricated by the spray-coating method. After
spraying, the films were thermally cured at 80�120°C for 30 minutes. The
achieved coating thicknesses were 35 µm and 25 µm for coatings 1 and 2 cured
at 80°C, respectively [V].

The organic functionality of the alkoxides in the sol-gel matrix has a drastic
effect on the optical characteristics of the dye-doped coatings, Figure 18 [V].
The Coating with propyl functionality clearly has insufficient optical properties:
(i) its optical density is only 2 and (ii) the absorption at wavelengths below 500
nm disturbs color-vision remarkably. Coating with methacrylic functionality
maintains its optical characteristics in hybrid matrix. Optical density of that
coating is at the desired level and it does not disturb the color vision [V].
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Figure 18. Optical properties of the fabricated coating, cured at 80°C. Black
line coating with methacrylic functionality, red line coating with propyl func-
tionality [V].

The tolerance of the coatings against scratching and abrasion were studied ac-
cording to the ISO 1518 and Taber tests, respectively. Uncoated PC can be
scratched with a 100 g load. Coating 1 was scratched when the load was 750 g,
whereas Coating 2 required an 800 g load. Polycarbonate was also abraded after
a single cycle (CF-10, 500 g) whereas Coating 1 requires 100 cycles and Coating
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2 25 cycles. Tests show that the fabricated coatings are clearly more mechani-
cally stable when compared to uncoated polycarbonate substrates.

4.2 Materials for micro-optics: Axicon

The most successful applications for the sol-gel derived multifunctional materi-
als are optical components such as diffractive optical elements (DOE's) [93] and
planar channel waveguides [94�95]. Compared to the conventional photoresist-
assisted wet lithography, reactive ion etching, electron beam writing, and em-
bossing [96], sol-gel coatings offer a feasible way to produce optical compo-
nents cost-effectively with precisely controlled properties. The cost efficiency of
these components is achieved by introducing organic polymerizable functionali-
ties, in general methacrylics, into the optically transparent matrix. This kind of
material simultaneously behaves as an optical core material and UV-photoresist.
Typically all directly UV-photopatternable materials fabricated with the sol-gel
technique have a negative type of behavior; UV-irradiation leads to reduced
solubility of the material. The deposited optical hybrid layer can be patterned to
the desired optical structures without the use of an additional photoresist layer
leading to a reduced number of process steps and chemicals when compared to
conventional photolithographic techniques [93]. Using sol-gel derived materials,
optical elements have been also realized with techniques other than UV-
fabrication, including laser writing [87], direct electron beam writing (including
sub-micron features) [97], and laser holography [98].

Due to the versatility of the sol-gel processing and to the ability to obtain a wide
range of different types of materials, the sol-gel technique offers the precise
control of crucial optical properties of the materials e.g. transparency at selected
wavelengths, refractive indices [87], birefringence [99], and surface roughness
[100]. Additionally sol-gel materials can be processed at low temperatures al-
lowing the fabrication of optical elements on the plastics. Furthermore, the fact
that inorganic-organic hybrid materials potentially have a higher thermal stabil-
ity in comparison to plastic elements, results in an enhanced field of applica-
tions.

Since McLeod introduced and characterized the axicon, which in general is a
rotationally symmetric diffractive grating (Figure 19), in 1954, axicons and their
generalizations have been under intensive interest and research [101�104].
When an axicon is illuminated (in our case with a collimated Gaussian type of
radiation), an axicon diffracts the light with the same radial angle from all areas
of the axicon, resulting in a uniform on-axis intensity distribution, more specifi-
cally a Bessel beam [101].
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Gaussian
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Figure 19. Working principle of the functional axicon element.

4.2.1 Design

During our investigation, axicons for a triangulation measurement device were
designed, fabricated and characterized [VI]. In our case, the axicon was designed
to perform two functions simultaneously, namely the laser collimation and the
actual axicon function. The radial phase profile of the element is obtained from
Eq. 17.
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The parameters used in our design are shown in Table 4 [VI]. For the fabrica-
tion, the design of the element was quantized to contain only two-phase levels
(binary element). Finally, the phase difference was transformed to the height of
the grating lines, h, by using the refractive index, n (1.49 at 850 nm), of the ma-
terial: h = ½λ/(n-1).

Table 4. Design parameters of the axicon [VI].

Parameter Symbol Value

Wavelength λ 850 nm

Focal length f 7.5 mm

Aperture radius rmax 1 mm

Beam length zmax 10mm

The axicon element designed according to the given design parameters (Table
4.) results in features with a maximum line-width of 4.26 µm (central region)
and a minimum of 1.82 µm (edge region). Because of this, it was assumed that
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lines in the different parts of the fabricated axicons were not produced equally
well with all UV-doses used [VI].

The calculated axial intensity profile of the element is shown in Figure 20 [VI].
An 830 nm laser was used in the measurements, which causes some differences
between the calculated and measured beams. The oscillations in the intensity
profile in Figure 20 are due to diffraction orders higher than ±1 and the sharp
aperture edge.

Figure 20. Calculated axial intensity profile produced by the axicon, when it is
illuminated by an edge-emitting laser with an elliptical beam profile [VI].

4.2.2 Fabrication and characteristics

The fabrication of the negative tone hybrid material is based on a typical and
widely used sol-gel synthesis in which the synthesized methacrylic acid-
modified zirconium(IV) isopropoxide complexes are used to increase the refrac-
tive index of the metacryloxypropyltrimethoxysilane-derived UV-reactive ma-
trix [87, 93]. Films were made on soda-lime glass substrates by the spin coating
method. The spinning speed and time were adjusted to produce approximately
1 µm thick films. After the spinning, axicons were UV-exposed through a "con-
tact" mask. After the UV-exposure, the axicon structures were developed in
acetone, i.e. unexposed material was dissolved from the substrate. Finally, the
structures were stabilized by annealing them at 160°C for two hours. In Figure
21, the central region of the axicons fabricated using different UV-doses ((a) 250
mJ/cm2, and (b) 350 mJ/cm2) are shown [VI]. As expected, there is a clear dif-
ference in the line width of the axicons fabricated with different UV-doses.
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Figure 21. (a) Wyko NT 2000 picture from the central region of the axicon fab-
ricated using a UV-dose of 250 mJ/cm2. (b) A corresponding picture from the
axicon prepared by using a UV-dose of 350 mJ/cm2 [VI].

The axicon fabricated using a UV-dose of 350 mJ/cm2 produces the most intense
beam (Figure 22). However, there are two main differences between the calcu-
lated and measured axial beam profiles [VI]. First, the length of the measured
beam is longer than the calculated beam. One reason is that the shorter wave-
length used in the measurement increases the beam length by 0.5 mm. In addi-
tion, a misfocus of 0.5 mm increases the axial focus by about 1 mm. Therefore
we assume that in the measurements both of these effects occurred and produced
longer beams than expected from the calculations [VI].

Figure 22. Measured axial intensity profiles of the axicons fabricated with dif-
ferent UV-doses (left). Measured beam profile of the axicon fabricated using an
UV-dose of 350 mJ/cm2 (right) [VI].

Another main difference between the calculated (Figure 20) and measured axial
intensity profiles is that the maximum intensity in the calculated profile in-
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creases as a function of the distance from the axicon, whereas the maximum
intensity in the measured profiles decreases (Figure 22). This is related to the
decreased diffraction efficiency at the edge of the element. The shape factor (if
compared to the ideal rectangular shape) is assumed and shown to be worse at
the edge of the element than in the center [VI]. This is due to the fact that the
smaller structures at the edge are not produced as well as the larger structures in
the center of the element as noticed during the morphological characterization
[VI].
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5. Conclusions and outlook
The sol-gel derived hybrid materials offer a feasible way of fabricating multi-
functional materials with required functionalities for specific purposes. During
this work the synthesis of multifunctional coating materials for three specific
applications fields has been presented: (i) antimony-doped tin dioxide coatings
to be used as transparent anodes, (ii) a military laser protective eye-wear coat-
ing, suitable for military applications, and (iii) a functional micro-optical ele-
ment, axicon, for triangular measurement devices.

A simplified method of producing conductive and transparent antimony-doped
tin dioxide coatings is realized. Argon-plasma treatment of these coatings has
been observed to increase the conductivity and decrease the optical transmission
of the coatings. Although we have proposed that the changes in electrical and
optical properties are related to the oxygen depletion layer and oxygen vacan-
cies, we cannot be sure what causes the observed changes. Further studies are
needed in order to understand the effects that occur during the argon-plasma
treatment (e.g. HALL-measurements and elemental analysis). Therefore, close
attention will be paid to the characterization of the treated and untreated films in
the future.

Directly UV-photopatternable tin alkoxide precursors for the fabrication of con-
ductive and transparent thin films were realized using methacrylate and benzo-
ylacetonate functionalities. The obtained conductivity values were around 15
S/cm for single-layered coatings. Conductivities are one order of magnitude
lower in comparison to multi-layered coatings fabricated from chlorides without
the possibility of direct patterning. Interestingly, in the case of the coatings de-
rived from methacrylic acid modified precursors, conductivity values for UV-
irradiated films are higher than for unexposed samples. This is a combined con-
sequence of larger crystal size and more even antimony distribution of the UV-
irradiated coatings.

From the application point of view, the sol-gel technique seems to be a relatively
inappropriate method for the fabrication of coatings in which bulk material type
of properties are required. In order to increase the particle size of the formed
crystalline material, novel synthetic routes have to be developed together with
film treatment techniques leading to denser materials. One possible solution to
larger particle size is the particulate sols in which already crystalline oxide parti-
cles are used as precursors. Another possibility is related to our observation that,
by using suitable precursors and film treatment techniques, particle size of the
material can be increased. Hence, more attention should be paid on the precursor
- solution - gel - final material property relationship. This can easily be per-
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formed using conventional chemical characterization techniques already intro-
duced during this thesis.

We have successfully incorporated NIR-absorbing dye molecules in mechani-
cally stable coatings. The optical density obtained using a sol-gel matrix with
methacrylic functionality is over 4. However, due to the absorbing molecules
used, optical density decreases to 2 during some specific environmental tests
(US-mil-810D standard) including humidity cycling, water and gasoline immer-
sion (SbF6

- counter ion), and UVB irradiation. The water stability of the coatings
has been already increased using another type of absorbing molecule, but the
stability against UVB irradiation is still insufficient.

Sol-gel hybrid-glass materials offer a cost-effective method for the fabrication of
micro-optical elements with precisely controlled optical properties on various
types of substrates. During this work we have successfully fabricated a diffrac-
tive optical element, namely an axicon, whose optical characteristics correspond
to design. The material used during the fabrication of the axicon element is not,
however, an ideal material for micro-optics fabrication, even though widely used
for the micro-optics. The main disadvantage related to this directly photopat-
ternable hybrid glass material is stickiness of the films. Stickiness leads to the
fact that the mask used during the patterning cannot be in direct contact with the
film. In accordance with this, diffracted light propagates to the unwanted areas,
reducing the accuracy of the patterning. Moreover, in order to fabricate a wide
range of optical elements, there has to be the capability of fabricating submicron
features. New patterning techniques realizing the use of deep UV-irradiation and
holographic techniques together with sol-gel derived hybrid-glass materials have
to be applied in the future for the preparation of light modulating devices.

According to the results reported in this thesis sol-gel derived multifunctional
coating materials are most suitable for use in micro-optics fabrication and in
applications realizing different types of functionalities at once. By using these
types of materials, the usage of multiple coating during the fabrication of multi-
functional materials and optical elements with traditional techniques can be
avoided. Military laser-protective eyewear and the axicon element developed
during this work are good examples of such materials.
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