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ABSTRACT

A process of UV-induced fabrication of single mode waveguides in a polymer microoptical bench has been realized that
offers the unique feature of an inexpensve microstructure replication process for mass fabrication. Instead of using
common mask techniques for the realization of the stripe waveguides, a “Self-masking” technique of the polymer by
embossing a microoptical bench and a following UV-flood-exposure is used. The mould insert, which is necessary for
the replication process was made by the LIGA-technique. The fabrication of the micooptical bench and the waveguides
in the same process step assures very good alignment accuracy and guarantees a low cost passive fiber-chip coupling
and assembly.

The photoinduced chemical reactions of different homo- and copolymers of methylmethacrylate under different
environmental condition have been investigated. It was shown that depending on the environmental conditions during
photoinduced waveguide generation, the physical and chemical properties of the waveguides can be adjusted in awide
range. The process allows the realization of devices for application in telecommunication and sensor technol ogy.
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1. INTRODUCTION

The need for significant growth in the market of integrated optica components and systems in the field of
telecommunication and sensors is strongly related to appropriate cost effective fabrication methods. Now, as optical
communication systems are penetrating into metropolitan/access networks, the development of integrated optica
components becomes mainly an issue of cost. Otherwise the devel opment of novel, cheap, disposable integrated optical
sensors for environmental, chemical and biological monitoring will open up new niche markets. Therefore new
technologies are required which have the capability of low cost waveguide fabrication combined with the potential of
integrating fiber alignment grooves and further alignment structures for electronic or optoelectronic components.
Obviously, one of the biggest advantages of polymer waveguides is their low cost and large variety of waveguide
patterning technologies. Polymeric optical waveguides have been fabricated by various techniques such as reactive ion
etching *, standard photolithography with wet etching **, photolocking ®2, photobleaching %', electron-beam or laser
direct writing ***2. Furthermore it has been shown that replication technologies like embossing, casting or injection
moulding are powerful tools to realize polymer waveguides .

In this paper, we report on a simple fabrication of waveguides in methylmethacrylate polymers. The processis based on
the UV-induced modification of the dielectric properties of methylmethacrylate polymers. For the lateral patterning of
waveguides two approaches are used. In the first approach the lateral patterning is achieved by conventional
photolithographic technique using a quartz/chrome mask. The second approach uses in the first sep the LIGA-
technique to pre-emboss the polymer substrate. The embossed ridge or groove structure serves as masking structures for
the following flood exposure. The technique presented here has several advantages with respect to other methods
because only a single polymer layer is required, which serves as the substrate and waveguide as well and no further
etching, development step or filling with higher index polymer is required. Furthermore by replication it is possible to
integrate waveguides, passive fiber alignment structures, functiond sidewalls like mirrors, gratings etc. onto a substrate
by a single fabrication step. This would possibly solve the most serious difficulties and cost factorsin a mass production
of integrated optical devices, the passive alignment and assembly. To understand and to optimize the process of
structural and dielectric modification, the photoinduced chemical reactions of different homo- and copolymers of
methylmethacrylate under different environmental (in air / vacuum) condition have been investigated. By this
technology passive devices for telecommunication as well as sensors can be fabricated.
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2. METHODOLOGY

In Fg. 1 the patterning of waveguides by conventiona photolithographic technique using a quartz/chromium mask is
sketched. The refractive index of the polymer which is UV-exposed increases whereas that of the unexposed region
does not increase. Because only a thin surface layer of a few micrometersis modified by the DUV-light, only a single
polymer layer is required, which serves as the substrate and waveguide as well. The use of a single polymer substrate
minimizes the mismatch in the thermal expansion coefficient of the substrate and waveguide material. No additional
strain relief layer is needed.
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Fig. 1. Scheme of waveguide fabrication by a quartz chromium mask.

Furthermore the patterning of waveguides by masking with pre-embossed polymer substrates and following flood
exposure was investigated. Fig. 2 shows a side view of the pre-embossed substrate for waveguide fabrication. Hereby
the embossed ridge or groove structure serves as masking structures for the ensuing flood exposure. If the penetration
depth of the evanescent field of these waveguides is smaller than the distance between them and the planar waveguides
at the surface, no light can couple from one waveguide into the other waveguides. Either the ridge or groove
waveguides can be used as stripe waveguides. For strong guiding application the ridge structure would be preferred, for
weak guiding application the groove structure is used. Additionally, waveguides and fiber alignment grooves might be
produced in one fabrication sep. By this approach, atime-consuming active pigtailing can be avoided.
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Fig. 2: Side view scheme of waveguide fabrication with pre-embossed polymer substrates.
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3. FABRICATION OF THE MOULDING TOOL

The microstructured moulding tools are fabricated by a combination of mechanica micro machining and LIGA
technology *°. These tools enable the production of waveguide preforms and fiber positioning grooves in the same
process step. LIGA is an acronym standing for the main steps of the process, i.e, deep X-ray lithography,
electroforming, and plastic moulding. The modified LIGA processisillustrated in Fig. 3 for a groove waveguide. In the
first step a copper substrate ismilled at the areas which will define later the fiber fixing grooves. Their depth is different
to the waveguide depth. Copper as substrate material is best suited for the treatment and patterning by diamond micro-
milling. The used KERN 22/16 machines provides an accuracy of * 1um under temperature stabilized conditions. The
precison of the milled structure gives the tolerances for the vertical alignment of the fibers. Hence, the latera
dimensions are quite uncritical, whereas the created height of the step needs to meet the accuracy, which isrequired for
low insertion losses. In order to guarantee this vertical precision the whole substrate is milled using a 300 um diamond
end-mill. In this case the surface roughness is about 100 nm and the inclination angle is 1.5°. The resulting inclination
in the mould insert enables easy deforming of the thermoplastic polymer part from the mould insert after the hot
embossing process. Finally, alignment crosses for the subsequent patterning of the second layer are milled using a 50
pm tungsten carbide end-mill.

In the second step the pre-patterned substrate needs to be covered with a resist in which the waveguide and fiber
alignment gructures are microstructured by X-ray lithography. In order to completely enclose the milled step, liquid
PMMA precursor is cast onto the substrate and is polymerized to a PMMA layer with atotal thickness of approximately
300 pm. Afterwards, the PMMA layer is milled in the area of the fiber alignment structures to a height of 85 um for the
groove respectively 65 um for the ridge waveguide structure. The remaining surface roughness was about 100 nm. The
X-ray exposure is performed with a mask aligned to the first layer by means of the milled alignment crosses with an
accuracy of + 10 um. After development of the resist the obtained microstructures are subsequently transferred by
electroplating into a nickel mould insert. The nickel block is released from the substrate and the residua resist is
stripped. This mould insert is used to replicate the waveguide structures in the polymer substrates by hot embossing.
Subsequently, the pre-embossed polymer substrate is exposed to a UV-flood exposure, in order to make the
waveguides.
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Fig. 3: Fabrication of the mould insert by precision mechanics and LIGA.
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Fig. 4 and Fig. 5 show SEM photographs of the mould insert with the fiber aignment groove and the waveguide, the
pre-embossed substrate and the inserted fiber for the groove waveguides and the ridge waveguide. Elastic ripplesin the
side walls of the fiber fixing structures, facilitate fiber insertion. They also make the alignment insensitive to variations
in fiber diameter. The crucial dimension of the level height, which isresponsible for the vertica positioning could be
achieved in therange of £ 2um. The sidewalls are vertically and show a typical roughness of LIGA sidewalls of about
10 nm *®. Asafirst waveguide component a1 x 2 Y-splitter has been realized.
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Fig. 4. Mould insert, pre-embossed substrate in PMMA and “groove” waveguide with aligned fiber.
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Fig. 5: Mould insert, pre-embossed substratein PMMA and ridge waveguide with aligned fiber.

4. UV-INDUCED MATERIAL MODIFICATION

Meanwhile surface modification of polymers plays an important role in many industrial applications. Recently advances
have been made in developing surface treatments with ionizing radiation to ater physical and chemical properties of
polymer surfaces without affecting bulk properties. This treatment of polymer surfaces can be one of the useful
techniques that can be used for the fabrication of optical waveguides. It was first reported by Tomlinson et al. *® that
polymethyl methacrylate exhibits a significant increase in refraction index after irradiation with DUV light. Furthermore
it has been shown that optical waveguides can be created in pol ymethyl methacrylate homopol ymers through application
of ionizing radiation, such asion % and deep ultraviolet radiation % %,

It appears rather difficult to extract from the literature reliable data of photochemical yields to modify the optical
properties of methylmethacrylate polymers. This may, in part, be caused by the fact, that polymers may contan
impurities or co-monomers that intervened in photochemical reactions. If absorption by impurities or co-monomers
contributes essentially to the initiation of chemical changes, the photochemistry changes remarkably compared to
photoinduced reactions for an ideal composition of the polymer. In the case of a copolymer of methylmethacrylate and
methylacrylate it has been reported in literature that the mechanism of photolysis is quiet different from that of pure
polymethyl methacrylates (PMMA) % Whereas pure polymethylacrylate (PMA) undergoes permanent crosslinking due
to hydrogen abstraction, two major reactions occur during photolysis of PMMA at the same time %, Upon exposure in
the DUV range (220-260 nm) the dominant process is cleavage of pendant methylester groups (side chains) followed by
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the generation of C=C double bonds in the polymer chain resulting in vinylidene or vinylene groups. The second
reaction of the photolysis of polymethylmethacrylate is scission of the main-chain C-C bonds, which is of minor
importance. Thus with increasing content of MA crosdinking of the polymer can be increased. Furthermore ambient
atmosphere participates in most of the photochemical processes that are of practical importance for refraction index
modification. Although extensive research is reported on photochemistry no attention have been paid on the influence
of oxygen to generate non volatile oxidation products which remain in the material and influence the physical and
chemical properties of the modified materia in micro technique application. To understand and to optimize the process
of structural and dielectric modification, the purpose of this study is to investigate photoinduced chemical reactions of
different homo- and copolymers of methylmethacrylate in air or vacuum.

4.1. Materialsand Methods

For deep UV-modification, a commercial UV-exposure equipment (UVAPRINT CM, Dr. Hohnle GmbH) is used. A
mercury xenon arc lamp with a 100 W/cm having a measured output of 0.8 mW/cm? at 240 nm and a cold mirror with
reflectance in the range of 220 nm-420 nm is mounted in the exposure system. The exposure system is equipped with a
vacuum chamber. During irradiation in air, the ozone containing air between the UV source and the polymer samples
was exchanged with fresh air. The investigated PMMA types were Hesa@Glas a homopolymer from Notz-Plastic,
Lucryl G77 Q11 a copolymer of 95 wt % methylmethacrylate and 5 wt % methylacrylate from BASF and PMMA
950 K from MircoChem Corp. UV spectra of films on a quartz disk, before and after irradiations, were obtained with a
Perkin-Elmer Lambda 2 UV-V1S-spectrometer. FTIR spectra were recorded with a Brucker IFS 48V Fourier-transform
infrared spectrometer. Refractive index measurements were carried out by m-line spectroscopy, which allows the
calculation of refractive index depth profiles using the Wenzel-K ramer-Brillouin (WK B-Method) %°.

4.2. UV spectroscopy

Fig. 6 shows the UV transmission spectra of a 3 um thick PMMA 950K film after different irradiation doses at 240 nm
wavelength. Irradiation was performed in air or in vacuum.
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Fig. 6: UV absorption spectraof a3 um thick PMMA 950 K film after different irradiation dosesin air (Ieft) and
vacuum (right).

The increasing absorption peak below 200 nm is consistent with the generation and reaction of unsaturated bonds which
are determined by Raman spectroscopy *. This peak is due to a T—Tt transition of C=C bonds. In air this absorption
peak decreases for irradiation doses higher than 2.16 Jcm2 This indicates the oxidative decomposition of the
unsaturated bonds. At incident wavelength above 220 nm were photo degradation takes place, the optical penetration
depth rapidly falls with the irradiation dose to some few micrometers. This means that a few micrometer thin surface
layer can be modified in a thicker PMMA bulk layer with a higher refractive index. The increasing branch of the
absorption peak to longer wavelength is essentia for single mode waveguide fabrication, since the penetration depth of
the UV-light mugt fall under a certain value to guarantee single mode propagation. Therefore not only the refractive
index increase determines the necessary irradiation dose, but also the existence of a certain threshold dose which must
be exceeded to guarantee a thin enough modification layer for single mode propagation. The UV spectra of the
copolymer show similar features to those of pure PMMA.
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4.3. FTIR spectroscopy

Fig. 7 shows the FTIR spectra of the homopolymer PMMA 950 K films modified by different irradiation dosein air and
vacuum. Both in air and in vacuum with increasing dose the carbonyl band in the pendant group (-COOCH;) of PMMA
at 1735-1750 cm™ decreases and shifts towards higher absorption frequencies, indicating a change of chemical
environment. Furthermore the C-H stretching and bending absorption bands at 2847-2931 cm™* and 1500-1350 cm™ and
the C-O stretching bands at 1270-1150 cm™ decrease substantially. This behavior was explained and is consistent with
literature to aremoval of the ester side group followed by a main chain scission or the generation of unsaturated bonds
in the polymer chain ®?*%  However during photolysis in ambient air, photo oxidation products can be detected in
form of hydroxyl groups at 3500 cm™. The absorption peaks do not vanish even when annealing the samples at 100°C.
For waveguide fabrication its very important to avoid this oxidation products, because higher modes of OH-vibration
increase the absorption of the waveguides in the third optical window at 1550 nm. The second optical window at
1310 nm remains unaffected. The oxidation products can be avoided by exposure in an inert gas atmosphere or vacuum
as shown on the right side of Fig. 7. The characteristics described here are independent of the materia used.
Furthermore the polymer irradiated with higher doses in vacuum becomes insoluble in common solvents for MMA
polymers like acetone, ethyl acetate or anisole, which indicates crosdinking of the polymer. This behavior is well
known from electron-beam lithography. A parallel process is the main chain scission in which the polymer units are
crosslinked together to form ahard insoluble material *'. At lower doses the scission process dominates, at higher doses,
however, the polymerization process becomes more dominant. Since crosslinking increases the resistance of the
waveguides againg solvents, a typical process sequence therefore involves exposing the polymer with an irradiation
dose that guarantees a sufficient high refractive index contrast, short enough penetration depth and high resistance
againg solvents due to crosslinking.
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Fig. 7: IR absorption spectra of a3.2 um thick PMMA 950 K film after different irradiation dosesin air (l&ft) and vacuum (right).

4.4. Refractiveindex

The mode spectra of planar waveguides were measured by using a self-made prism coupler arrangement. On the |eft
side of Fig. 8 atypical variation of the effective refractive index at 633 nm as a function of irradiation dose for Lucryl
G77 is shown. With increasing dose more and more modes are able to propagate. For higher doses than 15 Jcm? only
the effective index of the lowest order mode is increasing, the effective index of higher order modes levels out. No
birefringence can be found in the range of the measurement resolution of * 10, After annealing the samples at 70°C
for 15h the mode spectra remains unchanged. Independent of environmental condition (air/vacuum) during
modification, the investigated PMMA types show comparable behavior. High humidity levels and water immersionisa
critical test to ensure refractive index stability under highly humid environment. By a smple water immersion of the
samples for 24 h at room temperature only the samples exposed under vacuum show good resistance and unchanged
mode spectra. In contrast the samples irradiated under ambient air show a corrosion of the waveguide surface and no
turn back even by air drying or baking.

From the measured mode spectra the refraction index profile was reconstructed using an inverse WK B-method %. It can
be seen from theright side of Fig. 8 that for irradiation doses higher than 6.48 Jcm?aroughly exponentially decreasing
profile, with a decay constant of approximately 5 um can be found.
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