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Abstract

The sol-gel process allows the preparation of glasses and composites with
homogeneities sufficient for optical applications, since phase dimensions
can be kept below the level of undesired Rayleigh scattering. This is of
special importance for inorganic-organic composites. By other methods,
precipitates of inorganic phase may appear within the organic matrix and
cause scaitering. By chemical control of the particle surface-free energy, it
is possible to tailor particle size and reacti vity, and processing and final
properties can be adapted over wide ranges. Using these principles, thick
8i07 layers for waveguides, refractive index tailored planar waveguides
patterned by photolithography, and active waveguides containing
semiconductor quantum dots or metal clusters can be Synthesized,

INTRODUCTION

Inorganic-organic composites have been synthesized now lor more than one decade by
the sol-gel process [1-10]. A varicty of diffcrent dircctions have been developed, such
as scratch resistant coatings, low [riction coatings, clastomers, abrasives and contact
lens bulk materials. Without a doubt, optical malerials have become more and more
interesting, and the sol-gel process is now able (o play an important role in
synthesizing future optical materials.
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One of the reasons is the possibility of controlling the process in a way (o obtain
intermediates suitable to prepare films and coatings. This is of high interest for
optics, especially for functional coatings as shown by Dislich [11] . However, the
films to be obtained by using this process are limiled Lo about one pm in thickness.

This is due to some characteristic propertics of the processing, where liquid systems
have to be used and the solid conlent of which is comparatively low.

For thick layers, for example, for multimode planar waveguide [abrications, with
required thicknesses of 6-10 pun, the process is reaching its limits. In case of the
necessity of fabricating actlive malerials from sol-gel oxide glasses, for example
lasing materials for amplifier or nonlinear optical materials, active components have
to be incorporated. This may be X () polymers, as successfully shown by Prasad
[12]. In this case, the polymer causes sufficient network relaxation of the composite
and [ilm densification does not become a problem at low temperatures. Incorporation
of lasing dyes into sol-gel processing does not seem to cause any serious problems
[13-15], but densification to [ull density is no longer possible. This may not be a
serious problem, but porous malerials, as a rule, are sensilive to HoO vapour, which
is undesired in the majorily of cases. Far these reasons, impregnation of porous silica
by organic monomers was employed in [13], which led to solid dense composites. In
this case, however, the process is restricted by the shaping possibilities of porous
silica. This is rather difficult as shown by Hench [16, 17}, but possible, and large
picces can be fabricated and doped with organic dyes. However, subsequent patlerning
is difficult and densifying impossible. If sufficient organic components are introduced
into gels during the synthesis step, the dried material becomes more flexible with
increasing organic concentrations and even can be fabricated as a plastic [18, 19] or
thermoplastic material [20].

The question arises to what extent remaining organics in sol-gel matrices can be used
to tailor suitable properties for photonic materials. For this reason, a variely of
properties have lo be taken into consideration. Some of the most important
properties are light transmission, meaning homogeneitics are required that produce no
more than about (0.1 dB/cm. Another important question is patternability. If
applications like fabrication of waveguides are considered, it is necessary to produce
patterned components such as Y-distributors, in-coupling and out-coupling grids,
Mach-Zchnder interferomelers or others. A third question is related to refractive index
matching, which is necessary to adapt the waveguide to substrates. One of the most
important questions, however, is how to obtain active components with lasing
(amplifiers), clectrooptic (X (2)) and X03) propertics. And, last but not least, there is
the question of cost. Costs for optical components with photonic materials are

strongly dominated by processing costs such as deposition of layers, or
micropatterning of waveguides.
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There are many materials (glasses, ceramics, polymers) covering several of the
discussed topics, but one can hardly find any material covering all requirements in the
same way. For this reason, the question has 1o be discussed how far inorganic-organic
sol-gel composiles can be used to tackle these problems. In order to approach the
described questions, it is necessary 1o discuss the relations belween synihesis,
structures of the intermediates, processing properties and final material propertics. Of
course, it is not possible to provide a comprehensive discussion in this chapter. But
some of the questions will be discussed using well investigated examples which will
show the basic procedures useful for photonic material tailoring,

SYNTIIESIS PRINCIPLE

Sol-Gel Process for Inorganic-Organic Composites - The sol-gel process
describes a method for synthesizing organic, mainly oxide networks by a solt
chemistry route. It is based on the fact that hydroxides are very reactive components
with respect to condensation. The condensation step leads to a metal-oxygen-metal
bond, as a rule, which is the first step to forming an inorganic three-dimensional
network. Due to the three-dimensional crosslinking, numerbus variations of
structures are possible, if no crystallization in solution iakes place. In the case of
Si0, amorphous condensates are obtained without exception [21]. In other cases
like AlO14 bochmite or baycrile [22], and in case of TiO9, anatase are oblained. To
obtain colloidal sols, a variety of precursors can be used, like salts, soluble oxides or
hydroxides, alkoxides, complexed alkoxides or ather complexes, especially from
transition metals. The network forming steps, in general, are similar (eq. 1).

i H,0 |
=MecX —— >=MeO}H @)
| | I
=McOH + Y-Me¢'= — >=Me-O-Me'= + HY )
| I | |
=McOH + HOMc'= —>=Me-O-Me'= + 1,0 {©) (N
I | | |
=MeX + YMe'= ——> =Me-0O-Me'= + XY {th

X, Y = groupings like CI-, NO37, OR" (R = alkyl), "OCOR;
I |
=Me, =Me' = meials.

(1b) is the most likely condensation reaction, (1c) takes place at elevated temperatures
in gels and (1d) at higher temperatures if no more H»O is present (> 200°C).
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With a few exceptions, e. g. reaclion of Si(OR)4 under acid conditions [23, 24], the

condensation reaction leads to colloidal systems with very small particle sizes, at
least in the early phases of the reaction. If the diameter of these particles is in the
lower nanometer range (approximately less than 20 nm, which is less than 1/20 of
the wavelength of the visible light), almost no light scattering is observed and high
optical quality of these colloidal systems is obtained. Colloidal solutions are only
stable if the particle-to-particle interaction is low, which, in general, is brought about
by generating electric charges at the particle's surface, e. g. by proper choice of pH.
Then, the sol is called "pH-stabilized". But pH is difficult to control throughout
further processing and gelation very often occurs when not wanted. Gelation can
only be avoided by increasing the particle-to-particle distance by dilution. This is one
of the major drawbacks of sol-gel processing. In order to control particle-to-particle
interaction, diluted systems have to be used, and, as a consequence, the produced gels
possess a very low solid content causing an undesirable high shrinkage during
densification. After gelling, the particle-to-particle interaction is extremely strong
and, for example, stress relaxation without crack formation is only possible in thin
films, as clearly shown by Lange [25]. As a consequence, no thick [ilms have been
produced by pure inorganic sol-gel reactions.

An alternate way to solve this problem is the use of organic components. As alrcady
shown in (261, by using precursors having organics linked to an inorganic unit, it is
possible to obtain crack-free coatings up to several pm in thickness after buming out
the organics. As organics, phenyl groups bonded to Si and ethylacetate coordinatively
bonded to Al alkoxides have been used in [26]. The results are interpreted as the effect
of an increased network flexibility. Moreover, it has been shown by Nass [27] that

the use of B-diketones as complex formers during hydrolysis leads 10 very stable sols
with colloidal particles, some up to 10 nm, without gelling. This leads 1o the
interesting question: how far can organics be used for sol-gel processing instead of

using pH for stabilization? Similarly, how far can this principle be advantageously
used for optical materials?

This role of ceramics is manifold. As shown in Fig. la-e, organics can act as
network modifiers (1b), as additional nctwork formers (Ic), as included dopants (1d),
or as a link for a second inorganic phase (e. g. colloids or clusters). These examples
for the "structural” role of organics raise the question about the nature of bonds
between organic and inorganic units. Two examples have already been mentioned: the
=Si-C= bond and the complex formation to alkoxide. While the =Si-C= bond
provides a covalent link stable under "sol-gel” conditions, the formation of B-
diketones raises doubts about its stability against hydrolytic attacks. Sanchez has
investigated the complex formation with Zr alkoxides [28], but no data about long
term hydrolytic stability are given. In Fig. 2, some examples for "links" between
inorganic and organic units are shown [29].
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Fig. 1: Some possibilities of structures from organic groupings in
glassy sol-gel matrices. la: glass network after Zachariasen; 1b:
organic group acting as a network modifier within the glass
structure; Ic: crosslinked organic groupings acting as additional
network formers; 1d: organic molecules adsorbed to inorganic units

or "stored" in pores; le: organic groupings used for fixation of
clusters.
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(a) (R"0)3Si-R covalent bond
G o fhe

(b) R°O);Zr{  >C: coordinative bond
0:C(. "

N u2+;141MSi(0R)3
A ONAASI(OR ),
“NuAgt 2N~ Si(OR),

O,
(©) RO);Zr{ 3C-R ionic/coordinative bond
O

H+
(d) ’/AIOOH ‘08 ~R ionic bond /adsorption

R= methyl, alkyl, amino, epoxy, methacryloxy,
vinyl or related groupings
R’= alkyl

Fig. 2: Various types of chemical bonds used as links between
inorganic and organic uniis.
I
The "simplest" link is represented by the =Si-C= bond in organo alkoxysilanes.
Since the silanes contain RO-Si= bonds, they can be used like common alkoxy
precursors in the sol-gel process, If the synthesis reaction is well controlled,
cocondensation can be performed with tetraalkyl orthosilicates, and composites with
high optical quality can be prepared [30, 10] (eq. 2).

H,O
(RO)3Si-R' — > (HO)3Si-R'
@
R-8i(OH)3 + (RO)ySi ————>  R'-Si-0-Si(OR)3 + HOR

R' = alkyl, methacryloxy, vinyl, glycidyloxy, propylamino, ...
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Other precursors like Ti, Al or Zr alkoxides can be used, but the question whether Si-
O-Me bonds are formed cannol be answered in most cases. As shown with y-
glycidyloxypropy! tricthoxysilane (R") and tetracthylorthotitanate [10], the reaction
can be carricd out in a way that particle sizes of TiOy can be in a range not to be

detected by TEM (< 1 nm). In this case, Ti(OR)4 was reacted by waler generated

slowly and in situ by a second reaction (eq. 3), and from the results of the reaction
analysis, the formation of a Si-O-Ti bond can be suggesled.

Ti(OR)4 + CoH50H + Cl —> (RO)3TiOH + CyHsCl + HOR

I ! 3
(RO)3TiOH + ROSi-R" — > (RO)3Ti-O-Si-R" + HOR

I |
After mixing the silane with Ti(OEL)4, water addition (even a small concentration)
immediately leads to precipitation of TiO7. Carrying out reaction (3) to a degree that
for each Ti(OEt)4 molecule one molecule H0 is formed allows addition of excess

water that does not lead to any precipitate or particulate sols. In this case, the "link"
between organic and inorganic units is still based on the =Si-C= bond, as shown in
Fig. 3.

Fig. 3: Schematics of the inorganic-organic interface in
TiO3/R"Si03/3 composites after [3].
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However, the amount of TiO7 using this chemically controlled condensation
principle (CCC principle) is limited to about 20 mole %. Higher concentrations led
to increased light scautering and to extremely brittle properties of the hard materials,
probably due to an interpenetrating inorganic backbone. With decreasing amounts of
organics, the systems become more and more glass-like and brittle, due to the
incrcase of three-dimensional crosslinking and with very high inorganic contents;
porous malterials can be oblained [31].

Regarding optical properties like the refractive index n in these composites, one can
find that, due to the low densities, despite high concentrations, n remains
comparatively low. This means, the "inorganic" properties are not sulficiently
effective, probably due to the more "molecular” structure of the inorganic units
within a polymer-like network, as schematically shown in Fig. 4. For these reasons,
it scems to be more suitable 1o generale something like a 0-3 composite with
particles small enough not to contribute to light scattering but large enough that they
already show sufficient "bulk” properties. In this case, however, it is of great
importance to control the size of the "0" phase and to keep it in the lower nanomelter
range (Fig. 5).

A organic polymeric ) inorganic units
chaine

Fig. 4: Model of a "molecular" type of inorganic-organic composite.
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Fig., 5: Model of a 0-3 nanocomposite
with particles < 20 mm as "O" phase. *

During sol-gel synthesis, the condensation reaction in most cases provides nano-
phased stales as a result of growth reactions. The process offers an interesting
opportunity for the formation of these types of nanocomposites.

In this case, the formation of the nanoparticles should be prepared by a strictly
controlled sol-gel reaction, including stabilization mechanisms of the particles
allowing casy further processing. That means, alternatives for pH stabilizations have
to be developed. The benefits of this type of processing then will be new routes for
fabricating novel optical composites from a varicty of compositions.

Nanocomposites by Use of Stabilized Colloids - As already pointed out
above, it is possible 10 obtain sols derived from alkoxides by the use of complex

formers. In the case of Al alkoxides, B-diketones scem to be adequate (Fig. 6), and
transparent films can be obtained with 1 pm thickness [26].

For Zr alkoxides, B-dikelones can be used, as shown by Sanchez [28] and Rinn [32].
The results of these authors show that Z107 particles can be stabilized by B-diketones
starting from a few nm up (o some pm. While with Al alkoxy B-diketones [27] and
with Zr alkoxy B-diketones [28] particle sizes between several nm and 50 nm were

obtained, Rinn was able to stabilize particles up to 3 jim, Due to the fact that these
particles are “coated" with relatively "inerl" organic groupings, they do not
agglomerate and even can be calcined without agglomeration [32]. This Icads to the
interesting question: how far can this principle be used to prepare nanocomposites
while maintaining the small particle sizes?
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Fig. 6: a) Complex formation of Al alkoxides with acetylacetone.
b) Formation of linear structures alter hydrolysis [27].

If the particles can be kept below 20 nm, Rayleigh scattering docs not play an
important role, and these composites should be useful for optical purposes.
Furthermore, it may be possible to use stabilizing ligands with bifunctional
properties with sol-gel active groups like silanes or polymerizable groups like
epoxides or methacrylates. Then, a new class of precursors can be synthesized,
having funclions now based on the solid state properties of the small particles. Solid
state propertics of small particles have gained great interest, since in the case of
semiconductors, they show quantum cffects that are highly interesting for nonlinear
optics. In Fig. 7, the concept is shown in a schematic view of the colloid
stabilization principles.

small par- n [P
i Pl
; colloids
colloids
sol-gel reaction, stabilizing
precipitation agents
multifunctional
stabilizers

functional
NEW precursors =
20 nm
Fig. 7: Schematic of the concept of functionally stabilized sol-gel
precursors for optics.
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Growth Control by Use of Growth-Controlling Agents - If particles
grow from solution, a nucleation process has to take place. Afler exceeding the
critical size, the nuclei can grow. The growth rate can be controlled by several
mechanisms. These questions have been investigated in detail for crysial growth
reactions [33]. The formation of a solid phase, that means precipitation, on ly takes
place in supersaturated systems. It is a question of consideration whether colloidal
particles of some nanomelters in diameter, not interacting with each other, may be
considered as a suspension (that means, a solid phase dispersed in a solution) or as a
solution (with relatively large units "dissolved" in a liquid). Macromolecules
dissolved in an organic solvent are considered as solutions, and the molecular weight
of macromolecules and nanoparticles can be on the same order of magnitude.

Aggregation of nanoscaled primary particles 1o larger units, ¢. g. like Si09 particles

of several 100 pim in diameter as shown in the Stober process, requires avercoming
the repulsive forces between two particles. The question about the mechanisms seems
to be difficult. Smochulowski's madel may be used as an interpretation [34], but is
not very salislying. Strchlow developed a hypothesis using the free surface energy as
the driving force, which is governed by state of the interface between the liquid and
the particle. In his calculations [35], he used the "covering” of the particle surface
with clectric charges as stabilizers and caleulated free energy minima as a function of
various thermodynamic parameters of the system (e. g. interfacial tension as a
function of the solvent). The simple transformation of Strehlow's hypothesis 1o
Rinn's results can explain his data casily. He was able to prepare monosized Zi0y

particles between 100 nm and some Hm by only varying the B-diketone concentration
in a sol-gel system while keeping all other parameters (170 content, 1t
concentration, solvent, precursor concentration) constant. With increasing complex
former concentration, he obtained decreasing particle sizes. Thus, the surface

covering unit of he stabilizing agents must be the governing parameter for
controlling growth, size and aggregation of the small particles.

Il this concept can be generally applied, it can be used as a ol for tailoring sol-pgel
Systems to maintain their highly dispersed state during processing to inorganic-
organic composites and to obtain sufficient optical quality. Furthermore, the growth
controlling agents (GCA) can be used (o provide further reactivities, if they contain
additional functions such as reactive silanes or double bonds. This basic principle can
be demonstrated with Zr alkoxides. As shown in [36], Zr alkoxides can be reacted
with methacrylic acid (MA) 1o form a variely of complexes. The reaction of alkoxides
with carboxylic acids is well known [37] and leads to relatively stable complexes.
The complex formation of Zr alkoxides can be followed by IR spectroscopy, as
shown in Fig. 8. As one can see from the IR spectra, no [ree acid can be observed up
o aratio of ZrMA< 1 =1.8.
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Fig. 8: Complex formation of Zr alkoxides with
methacrylic acid (MA).

The hydrolytic stability of the complex is shown in Fig. 9 by 13C NMR. It
compares the chemical shift of the carboxylic group C atom of free MA, MA
complexed to Zr(OR)4 and the Zr(OR)3/MA or Zr(OR)9(MA)y complexes after
hydrolysis. No traces of free acid can be detected in the liquid system. Similar results
can be obtained with either alkoxides like Al Ti or lanthanides. The carboxylic acid
controlled hydrolysis and condensation offers an easy roule to oblain functional small
particles to be used for further processing,
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ppm
N2
<41

Fig. 9: 13¢ NMR spectrum of MA and Zr alkoxide/MA complexes
in solutions; molar ratio Zr:MA = I:1, I:  free methacrylic acid;
II: Zr/MA complex; 1III: b after hydrolysis [after 38, 39].

A varicly of systems can be tailored using this method. A survey is given in Fig. 10
and below. These examples will be discussed in detail. By control of hydrolysis and
condensation, as shown with ZrO9, the particle size can be established on a level

between 2 and 10 nm. The ratio MA:Zr can be varied in the range of 1:0.8 and 1:1.3
without precipitation with excess of water. Lower concentrations of MA lead to
precipilates, but the complex bond is not affected.

From the matcrial tailoring point of view, it is desirable to increase the ZrOj content

in such complexes. For thesc reasons, a "waler-frec” condensation process was
developed involving additional precursors necessary for special material properties. It

could be shown that organofunctional silancs as Y-glycidyloxypropyl
trimethoxysilane (GPTS) or Y-methacryloxypropyl trimethoxysilane (MPTS) can be
hydrolyzed with substoichiometric amounts of water to precondensates (viscous
liquids) with very low free HpO contents. This can be controlled by Karl-Fischer
litration [45, 46]. Water then is present in the form of "latent” -SiOH groups.
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Fig. 10: Routes to size controlled particles by ligand controlled
growth and stabilization, (1) = [40,41]; (2) = [42]; (3) =[43]; (4) = [44].

295i-NMR investigations show that, for example, during the hydrolysis of MPTS
the precursor (T) concentration decreases rapidly, but even after 27 hrs, no Tq

condensates can be detected (Fig. 11). The addition of a ZrOp/MA complex to the

reaction mixture after 4 hrs accelerates the process, and after 1 hr (5 hrs total),
remarkable concentrations of Tg condensates already appear (Fig. 12). The HpO
balance of MPTS hydrolysis determined by Karl-Fischer titration shows a stable
content between 0.5 and 6 hrs, employing the conditions pointed out in Fig. 13,
indicating a dynamic system which consumes =SiOH groups with time (NMR data,
Fig. 13b). The Karl-Fischer plot is shown in Fig. 13a.

Since the system remains at a constant HoO level, and, according to Fig. 13a,
=SiOH groups are consumed, the consumplion has to be atlributed to a condensation
process according to eq. (4).

I I
=SiOH + RO=Si ——> -8i-0-Si-+ HOR 4

| I

This means, that the optimum time scale for the addition of fast reacling alkoxides to
avoid precipitation under the described reaction conditions is 0.5 to 1.0 hrs after the
beginning of MPTS hydrolysis.
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Fig. 11: 29Si-NMR investigation of hydrolysis and condensation of
MPTS; T = 50°C with methanol as solvent; 1.5 mole H50/1.0 mole
MPTS [after 46].
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Fig. 12: 298i-NMR investigation of prehydrolysed MPTS (50°C/3
hrs); addition of 0.1 mole ZrO5/MA = 1:1 [after 44]; 0 h = 4 h aflter
hydrolysis and condensation start of MPTS.
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Fig. 13: a: Karl-Fischer plot of the hydrolysis of MPTS T = 80 °C
with 1.5 mole H0/1.0 mole MPTS; solvent: methanol [after 46];

b: 298i NMR of MPTS (Ty silanols).

Experiments have been carried out in order Lo investigate how far Zr alkoxides or
ZrO2/MA complexes can be added to the system without ending up with precipitates.
It could be shown that independent of Zr:MA stoichiometry, concentrations up to 50
mol% of Zr(OR)4 or ZrO/MA complexes can be added and, after refluxing, excess
walter can be added to the system without precipitation [47]. The incorporation of the
ZrO7/MA clusters into the backbone provided by MPTS are not quite clear so far.
But it could be shown, that by employing constant reaction conditions, particulate
systems with dilferent compositions and particle sizes of aboul 2 nm can be obtained,
as determined by wide angle X-ray scattering (Fig. 14) [41].

Other particle diameters can be obtained by varying reaction condilions, as systematic
investigations show [47]. Using the GCA concept together with the "latent water"
hydrolysis, which is a variation of the CCC (chemically controlled condensation)
reaction scheme shown elsewhere [ 10] a variety of materials have been synthesized.
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Fig. 14: WAXS plots of various compositions of MPTS:ZrO5: MA.,

The peak maxima represent particles with 2 nm in diameter; 0:10:10
means MPTS-free system with low water contents.

MATERIAL DEVELOPMENTS

Photocurable, Patternable Films - If MPTS is used as a precursor in
combination with ZrO,/MA, photocurable systems with low optical loss (< 0.1

dB/cm at 780 nm) can be prepared. Films up to 10 nm thickness can be obtained by
dip or spin coating. The photocuring process can be optimized up to 95 %
conversion (= 5 % remaining C=C double bonds only). Patterning can be preformed
by embossing during curing, by photolithography, laser writing or light intensity
fluctuations generated by two wave mixing interferences. Thus, holograms, in- and
out-coupling gratings or channel waveguides can be prepared. In Fig. 15, the
principle of the fabrication of a diffraction grating to be used as an in and out
coupling grating on a planar waveguide is shown. The line width can be adjusted by
the optical system. The intensity (luctuation generaltcs a replica of the degree of
polymerization, and alier development (by acetone or NaOH) the grating becomes
visible. Fig. 16 shows a diffraction grating made by two wave mixing.
Photopolymerization also can be carricd out by dircet laser irradiation, schematically
shown in Fig. 17.
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Fig. 15: Draft of the two-wave mixing system for
grating fabrication.

Fig. 16: Diffraction grating by two wave mixing. Development after
irradiation in diluted NaOll. ZrO;:MA:MPTS = 1:1:1 (maolar ratio).
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Fig. 18: Channel waveguide from a system according to Fig. 16;
buffer and cladding with slightly lower ZrOy contents [alter 41 ) .
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In order to guide the light beam within the channels, buffer and cladding layers have
been prepared by using one and Lhe same system only with slightly reduced Zr
contents for lower refractive indices. Fig, 18 shows a channel waveguide comprising
a bulfer layer (low index) obtained by laser writing and spin coating from the system
MPTS/ZrO5/MA [41, 39].

Allernative types of processing are fine patterning by embossing and
photolithography (mask aligner techniques). After spin or dip coating, the soft films
can be embossed with stampers, e. g. optical grids. If UV initiators are added, as
described in [38] and UV irradiation is carricd out. The films are cured during
embossing. Due to the low shrinkage of the precondensed films, which is in the
range of 5-6 vol%, a ncar nct shaping embossing process can be carried oul. Fig. 19
shows the patlerning on an optical grid with a line width of ~300 nm. Fig. 20 shows
the surface roughness of the embossed surlaces, which are in the range of 2-3 nm,

Fig. 19: Optical grid fabricated by embossing of a
ZrO/MA/methacryloxypropyl-silane System.
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Fig. 20: Profilometer plot of an embossed surface after photocuring.
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Fig. 21: Patterning processes used for patterning of inorganic-
organic nanocomposites by various techniques; (a): embossing, (b):
laser writing; (c): mask aligner technique; (d): two-wave mixing.
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Another patterning process is photolithography by use of mask aligner techniques.
The basic mechanisms of the process are identical to the other processes described in
this chapter. For UV curing a UV lamp can be used. For development of the patterns,
diluted aqueous NaOH is sufficient, since the non-polymerized regions contain a
siliceous network soluble in bases.

In Fig. 21 a survey of the methods to be used for patierning the nanocomposites is
given. Fig. 22 shows a profile produced by mask aligner techniques. The
profilometer plot shows how very deep profiles with high aspect ratios can be
obtained.

Fig. 22: Pattern and plot derived from mask aligner patterning
process. The optical losses obtained from waveguides are less than 1
dB/em and can be improved by clean-room techniques.
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Optically Active Materials - As shown in the previous sections, the ligand
stabilization concept can be used with bifunctional ligands, providing colloid
stabilization and special reactivities for sol-gel processing. This can be used not anly
for oxides but also for chalcogenides, halides and metals, Sullides and selenides in
glasses have become of interest, since, dispersed in form of small crystallites, they

In Fig. 23, the basic concept is shown with a quantum dot (QD) colloidal parlicle
stabilized by ligands. With Cds, particle sizes between 2 and 20 nm can be obtained
without a relatively narrow distribution, as determined by TEM .

4

" Stabilizers

Si(OR),
'-“ Mo di- \JLﬂ’rj
{fiers o4 LI,

§(R0)3Siaéif@flg}~sl'(om3

-

K

(RO);Si L=HS-
S HzN' .

Fig. 23: Concept of the bifunctional ligand/collojd system for
further sol-gel processing.

As one can see, a variety of chemical means can be used for tailoring the cluster-1o-
environment-interfaces as well as the reaclivity of the cluster, For producing gold or
silver dots, a reduction step has to be performed. A convenient way is to use
aldchydes or ketones and UV-irradiation, where reductive radicals are formed and gold
can be reduced 1o the metal. The amino-group conlaining complexing agent protects
the metal from forming large aggregates and establishes desired sizes and
distributions. This can be performed in various ways.
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Silver nitrate has been reacled in alcoholic solutions and then reduced by UV
irradiation. Ag colloids are formed which are stable and do not aggregate, which is
attributed to the amino group containing ligands. Soluble gold compounds can also
be reacted with amino group containing ligands such as (RO)3Si(CH2)3NH or

(RO)38i(CH9)3NH(CHp)7NHj.

In the case of the monoamine, photo reduction has to be carried oul. Organic
components (e.g. ketones) will be oxidized. In the case of the diamine, a spontancous
reduction of the gold takes place which is not easily understood. In this case, the
formation of the gold colloids is the driving force, which only can be explained
thermodynamically by decreasing the surface free encrgy by strong ligand-to-particle
surface interaction by the bidentate chelating ligand (eq. 5).

x HAuCl, + yH,N ~ANH ~Si(OR); + 2x RCEO —>

H, ©)
H,N N

L
) @ A/Si(OR),

Si(OR),

If MPTS is added, hydrolysed and polymerized, films containing the colloids can be
prepared. If monoamino ligands are used, MPTS can be photocured during the
photoreduction step, and colloid and film formation can be carried out in a one-step
reaction.

In Fig. 24, a survey of several reaction paths leading to semiconductor quantum dots
and gold dots is given. After pholopolymerization, filins and monoliths can be
obtained showing typical spectra of QD or mctal colloids. The spectra depend
strongly on ligands and particle sizes. Some spectra are shown in Fig. 25. CdS
spectra, for example, (1 and 4) are showing exitonic bands, the position of which
depends on the type of the ligand, pointing out a decrease of the band gap energy by
changing from sulfide to amino ligands, x3) values have been determined on

CdS/PbS systems showing susceptibilities of about 109 esu.
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The concentration of the gold colloids can be varied over a wide range by irradiation
time as shown in Fig. 26. Numbers indicate irradiation time in minutes. The films

have been investigated by self-diffraction experiments as shown in Fig. 27. X(3)
values obtained from different species range from 102 10 1073 esu.

Pre-complexing step Cluster growth
zﬁthanzc:l A Chalcogenide source:
Cd™, Pb™, Zn*" —(CH,), Si-S-Si(CH,),
Ag*, Au 3+, Pd2+ or
(OR);Si(CH;); -L| | photoreduction via
L: SH, NH,, COOH alcohol radical attack | "
NH(CH;),NH,
Matrix precursor Coating sols
pre-hydrolysed Stabilized
pH - controlled chalcogenide Q-dots:
(OH)3Si(CH3); - L Cds, PbS, Ag S
L: Methacryloxy ¥ or
or | quasi-metallic Q-dots
Glycidyloxy Au, Ag, Pd
__—
Transparent Thermal _ Dip coati
= as L P coating

curing

Fig. 24: Survey of chemical routes to semiconductor quantum dots
and metal dots [after 42, 43, 48].
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@-©®: cds e HNH N
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.
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Fig. 25: Optical spectra from various quantum and metal dots
obtained by controlled precipitation with complexing ligands.

3 10 8 8 15

Fig. 26: Increasing Au-colloid concentration with increasing
irradiation times.



4717
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Fig. 27: Schematics of the self-diffraction experiments
according to [48].

CONCLUSIONS

As shown, sol-gel chemistry offers an interesting route for synthesizing materials
suitable for photonic applications. This concerns processing properties as well as
final properties. The inorganic-organic composites provide means for "organic"
processing, such as photopolymerizing, which is an important tool for
micropatterning and waveguide fabrication. In order to obtain low-loss materials
with tailored refractive indices, the control of particle sizes by colloidal methods
especially adapted to nano-sized particles is indispensable. On the other hand, these
methods can be used for incorporating non-oxide components into sol-gel matrices,
thus ending up with composites with non-linear optical properties. The influence of
the stabilizing ligands on band gap cnergies and on particle sizes has not been studied
in detail so far and has to be an objective for [urther investigations. The combination
of the active particle containing films with micropatterning processes will be another
interesling issue.
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