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1. INTRODUCTION

Layers with surface relief patterns in the pm to 100 nm range are used for optical
applications like holograms, gratings, micro lens arrays, light guiding elements
(wave guides, diffusers, reflectors, converters for head-up displays) or optical
data storage (CD-ROM) and also for electronic applications (resists for the semi-
conductor industry). Another large scale field of application is haptic, e. g. the
surface of touch input panels.

Well established technologies for their realization are injection molding (CD-
ROM fabrication), laser writing [1] (CD-ROM “burning”), lithography [2,3]
using mask-aligner techniques [4] for optical waveguides and electronic applica-
tion and also embossing [5,6].

Embossing is a process in which the negative surface relief of a stamper (pla-
nar or roll) is replicated by pressing the stamper into the material, the obtained
patterns being fixed by curing or cooling and removing the stamper. The stam-
pers are fabricated by expensive and time consuming techniques like holography,
laser writing or mechanical stitching all with subsequent Ni deposition by electro
plating or even by electron beam etching of glass surfaces for very fine
(< 100 nm) patterns.

The costs for the embossed components become therefore reasonable by the
manifold replication of this expensive master pattern. Another advantage, com-
pared to lithography is that micropatterns with complicated cross sections can be
obtained in a single step, whereas lithography would require several cycles of
"coating, illumination and developing or etching". For the fabrication of arrays
(like micro lens arrays) which consist of single elements that have to be adjusted
to each other, the embossing technique offers the additional advantage that not
only the elements themselves but also their alignment can be replicated in a low
cost process.

With special respect to the sol-gel technique, two general cases of embossing
are discussed in the next two sections: The first one is the embossing of organic-
inorganic hybrid materials and nanocomposites, which is characterized by a low
temperature processing. This kind of technology is strongly related to organic
polymers (mostly acrylates). The general advantages of the sol-gel derived mate-
rials are:
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higher scratch hardness and better chemical durability
lower shrinkage and therefore better near-net shaping
lower thermal expansion and water up-take
tailorable etch resistance (electronic applications)
The second case refers to glass-like micropatterns where the sol-gel tech-
nique offers unique possibilities for applications.

2. EMBOSSING OF ORGANIC POLYMERS AND ORGANIC-
INORGANIC COMPOSITES

The fabrication of microstructures with organic polymers plays an important role
for different industrial applications like holographic elements, gratings, micro
lenses, etc. However these materials have a low thermal stability and a poor
scratch hardness [7]. The combination of an organic and an inorganic network as
produced by the sol-gel process opens the possibility of tailoring materials in a
wide range with respect to their optical and mechanical properties and it provides
a very attractive route for synthesizing and developing materials for optical ap-
plications [8]. There are basically three different embossing techniques for the
fabrication of micropatterns: hot embossing [9-15], reactive embossing [16-19]
and thixotropic embossing [20,21].

The hot embossing process is used for the micropatterning of thermoplastic
materials. Usually, both the material and the stamper are heated up to tempera-
tures well above the transition temperature of the material before the stamper is
pressed onto it. Before removing the stamper, the patterned layer has to be
cooled down in order to avoid a deformation of the surface relief by a viscous
flow process. This limits the production speed [22], especially for the fabrication
of binary (e. g. machine-readable) optical micropatterns. Shvartsman [17] and
Chon [23] have shown that sub-um patterns with edge inclinations of about 80°
could be prepared by hot roller embossing with a maximum line speed of
10 m/min. Naturally, the hot embossing technique cannot be applied to large area
substrates by stepping. This is disadvantageous especially for extra fine
(< 100 nm) patterning in electronic industries on large areas (> 4” wafers).

In reactive embossing, the stamper or master roll is pressed onto a low vis-
cous, liquid layer of organic monomers (mostly acrylates), uncured organic-
inorganic hybrid materials [24] or organic-inorganic nanocomposites [25-27]
respectively. In all cases the embossed micropattern has to be fixed by curing the
material (mostly by UV-irradiation) underneath the stamper. This also limits the
production speed, especially for patterns with steep walls and sharp edges. An-
other problem of this technique is the shrinkage during curing, which can limit
the near-net shaping of the product. It has been shown that this can be overcome
by using oxide nanoparticles as transparent fillers in organic-inorganic nano-
composites [25-27].

For the fabrication of patterns in the sub-mm and mm-range, which are used
for instance for anti-slip shoes or floor coverings, thixotropic embossing tech-
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nique is used [28,29]. In this case, the material to be embossed has to have a
thixotropic behavior [30]. When the stamper or embossing roll is pressed onto it,
a high shear stress is applied and the viscosity of the material decreases and the
surface relief of the stamper is easily filled with the embossing material. When
the stamper is moved out of the material, the shear load decreases and, conse-
quently, the viscosity increases drastically. Due to this high viscosity, the surface
relief of the embossed layer can be conserved for the short time span between the
removing of the stamper and the final curing. It is obvious that the separation of
these two steps allows high processing speeds. Thixotropic material’s properties
can be obtained by using thixotropic agents like hydroxy propyl cellulose or by
adding sub-um fine powders like Aerosil® (SiO, -particles). However, such
composites are usually not transparent due to light scattering effects and there-
fore they are not suitable for optical micropatterns.

It has been shown recently [20,21] that the general approach of thixotropic
embossing can also be applied for the preparation of digital optical micropat-
terns. In this case, the thixotropic character of the embossing material is realized
by the incorporation of ZrO, nanoparticles in a UV curable, highly condensed
organic-inorganic matrix. Due to the very small size (= 5 nm) of the ZrO,
nanoparticles, light scattering can be neglected in first approximation. On the
other hand, the small particle size leads to large internal interfaces in the com-
posite materials, which can be used to tailor the rheology of the composite by
appropriate surface modification of the particles. Such materials exhibit a strong
thixotropic behavior and can be used to obtain transparent embossing coatings on
plastic foils. The process has been demonstrated to produce CD-ROM-like pat-
terns with a periodicity of 500 nm, a pitch of 400 nm and a depth of about 150
nm by a roller embossing process with a line speed of up to 30 m/min [27]. Fig-
ure 1 shows a SEM micrograph of this surface relief (1a) and an AFM picture of
a single CD-ROM pitch (1b).
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Figure 1. a) SEM micrograph of a CD-ROM like surface relief prepared by roll
embossing of a thixotropic nanocomposite layer on a plastic foil with a line
speed of 30 m/min and subsequent UV-curing [20]. b) AFM picture of a single
pitch from figure a.
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As one can see from figure la, the upper surface of the embossed pattern is
very smooth and all pitches are well defined and seem to have the same depth.
Fig 1b proves that the walls of the pitches are very steep (89°). The roughness at
the bottom of the pitch is however higher than that of the top surface, which is
due to the quality of the used stamper.

Furthermore it could be shown that this method is also suitable to prepare
well defined digital micropatterns with structural depths of up to 350 nm on large
area (18 x 30 cm?) [20].

3. EMBOSSING OF GLASS-LIKE SOL-GEL COATINGS

The deposition of micropatterned glass-like layers on large area flat glass sur-
faces is very interesting for light-guiding or photovoltaic (light-trapping) [31]
application. The latter requires sharp edged pyramidal patterns with dimensions
(base line and height) of about 50 um. The state-of-the art technology — the roll
embossing of the hot glass preformed directly after the glass production — cannot
be used in this case as it does not allow the generation of sharply edged mi-
cropatterns because of the low viscosity (high temperature) and slow cooling
rate. The application of organic polymers or organic-inorganic embossing mate-
rials is not possible, with respect to the high temperature processing of the
photovoltaic cells (550 °C) [31]. Furthermore, excellent chemical resistance and
improved mechanical properties like scratch resistance are required.

Inorganic silica or silica titania films prepared from tetraethoxy orthosilicate
and titanisopropylate were used to produce relief patterns with 1200 lines/mm
and with heights up to 150 nm. These materials have exceptional mechanical
strength and hardness, a high transmission between 170 and 3400 nm, a very low
coefficient of thermal expansion and a high chemical and thermal durability. On
the other side, the state-of-the-art of these glass-like materials used for micropat-
terning by embossing show two main disadvantages. The films shrink about 60-
70 % after densification, so that a near net shaping is not possible. Furthermore,
the thickness is limited to 80 up to 200 nm [32] and the embossing depth ob-
tained by this technique is extremely small [33-37]. Another disadvantage of
these materials is that rather high pressures of several bar are needed, which
requires the use of rigid (metal) stampers. This is problematic for the patterning
of large area flat glasses, which exhibit a waviness of about = 5 um on 1 m
length scale.

In order to solve all these problems, soft gels based on methyl and phenyl
modified alkoxysilanes and colloidal silica particles have been developed re-
cently [31,38,39]. They allow the use of flexible stampers (prepared from sili-
cone rubber) and a crackfree densification of patterns with structural heights of
about 30 um at 500 °C on glass as shown in figure 2.
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Figure 2. HR-SEM picture with (left picture with a 20° tilt) of an embossed py-
ramidal structure after densification at 500 °C [31].

As one can see from figure 2, sharp edged crackfree replica could be ob-
tained. The structural height, determined by profilometer, was about 30 pm. The
pattern appears clear and transparent and inclusion of carbon cannot be detected
visually or by microscopy. Furthermore it is assumed that the ethanol vapor,
generated during the gelation at 50 °C, can penetrate through the silicone rubber
stamper more easily compared to Si or metal stampers.

The comparison of structural height of embossed samples before and after
firing shows that the vertical shrinkage during firing is about 25 %, a value much
lower than for micropatterns from TEOS gels (60 to 70 % [34]). The low shrink-
age is due to the rather high SiO, content of the sol (296 g/I) and to the fact that
the methyl and the phenyl groups are burned off at temperatures in the range
between 550 °C to 600 °C [39].

Both effects can be attributed to the addition of the colloidal silica particles
which act as a filler and also allow the formation of rather dense glass like mate-
rials (95 % density) as obtained from refractive index measurements [40] after
firing at 500 °C.
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