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Abstract

Different polymeric materials were investigated for their suitability as novel inert matrix
materials, used for two-photon patterning of three dimensional optical waveguides. By
investigating different PDMS based materials containing photo-polymerisable monomers,
waveguides were able to be inscribed into the material using two-photon
photopolymerisation. To produce the optical waveguides, an ultra fast femto second laser
was used to induce a photopolymerisation of functional monomers, either added to the
polymeric material, or directly attached to the polymer backbone. This enabled the
production of true three dimensional waveguide structures to be embedded into the material
in a single step. Cross-linked materials based on a hydride terminated polysiloxane
containing high refractive index methacrylate monomers, an epoxy propoxy terminated
polysiloxane cross-linked with a diamine, containing acrylate monomers, and a silanol
terminated polysiloxane, containing acrylate functional groups attached to the polymer
backbone were fully characterised and investigated for their suitability as optical materials
used for waveguide applications. Each matrix material was characterised by FT-IR, STA and
near-infrared spectroscopy as well as ellipsometry to determine the refractive index
difference between the waveguide core and cladding material. Optical and phase contrast
microscopy were used to observe the waveguide core, with cut back measurements and
RNF measurements carried out on the more successful waveguides. Successful matrix
materials were used in the development of demonstrators, by accurately inscribing optical
waveguides between laser and photo diodes on specially designed printed circuit boards.
The demonstrators were then used to monitor the long term stability of the polymeric material
as well as the optical waveguides, by detecting the photocurrents.
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1 General Introduction

Within the ever increasing technology of optical processing, more functions and
faster speeds are needed in this competitive industry and effective integration of
components is required'. Polymers are being increasingly investigated due to their
low cost and excellent optical properties. Waveguides fabricated from polymers are
being investigated extensively due to their potential applications in
telecommunication and data communication. This particular research is focused on
the design of integrated optical interconnections for signal transmission. The optical
waveguides are formed via a two-photon polymerisation process using selected
monomers in an inert silicone matrix.

This study focuses on the photopolymerisation of a selection of methacrylate or
acrylate monomers in an inert silicone matrix, or functional groups attached directly
to the backbone of a polymeric material. The photopolymerisation is carried out using
a femto-second laser, leading to polymerisation of the monomers or functional
groups in the matrix by induced by TPA. This process causes a highly localised
polymerisation inside the matrix material, enabling the fabrication of waveguide
structures, drawn precisely into the optical material, or on a printed circuit board
containing mounted diodes. The waveguides can then be used in the design of
integrated optical interconnections for signal transmission. The first part of this
introduction details the principles of photopolymerisation, photoinitiators and two-
photon processes. A second part of the introduction focuses on recent studies and
up to date research being carried out in this field.

1.1 Photopolymerisation

Photopolymerisation is the reaction of monomers or macromers to produce polymeric
structures by light-induced initiation via the excitation of a photoinitiator to produce
polymers. Over the last few decades the practical applications have evolved
significantly and better understanding of the reaction mechanisms has led to a
number of industrial and medical applications. To generalise the process, the
concept of photopolymerisation is to conjugate and solidify fluid reactants into a
stable structure using light>. This procedure is usually irreversible. Complex patterns
can be produced by photopolymerisation to print integrated circuits, wiring boards, or
microfabricated biomaterial structures. The rate of photopolymerisation depends on
the light source intensity, the concentration of photoinitiator and presence of oxygen,
the quantum yield of the radical generation and the initiation efficiency of the
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generated radicals. The rate is usually increased with the incident light intensity, but
not with initiator concentration. If an initiator has a high extinction coefficient, a high
concentration of initiator can lead to inefficient energy transfer. Different
concentrations of initiators can also lead to different molecular weight distributions
resulting in final polymers with adjustable mechanical properties.

1.2  Two-Photon Absorption

Two-photon absorption (TPA) is process similar to single photon absorption, but
instead an electron absorbs two photons at approximately the same time. This
achieves an excited state that corresponds to the sum of the energy of the incident
photons®. There does not have to be an intermediate state for the atom to reach
before arriving at the final excited state, the atom is excited instead to a “virtual state”
which does not need to correspond to any electric or vibrational energy state. A
normal single-photon polymerisation (1PP) process consists of the steps shown in
equation 1 below:

hv UV + initiator -R or R*

R or R"+ monomers — free radical or cationic polymerisation (1)

In 1PP processes, the initiator only absorbs one UV photon with a short
wavelength through linear absorption. For a two-photon polymerisation process
(2PP), the first step of the reaction is different to a 1PP process, shown below in
equation (2)

2hv NIR + initiator — R or R* (2)

The initiator absorbs two near infrared photons with a long wavelength through non-
linear absorption. The two photons are absorbed simultaneously by a Pl molecule,
and the cross section for 2PP is orders of magnitude lower than that of 1PP, so the
excitation beam intensities should be in the order of TW/cm? to generate a high
enough density of initiating species. With TPA high energy levels can be populated
that are not reachable by single photon transitions from the ground state. Once
electrons have absorbed two photons and are at a high enough energy level, it will
take only the absorption of another photon to release the electron and ionise the
atom. An energy level diagram of TPA is shown in Figure 1. An intense,
monochromatic photon source, such as a high energy laser can be used to excite
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atoms through TPA, which assures there are enough photons to continue the
excitation process and ionise the electron before it radiates back to a lower energy
level. For TPA, the material has to be transparent to the laser wavelength used, and
the absorption occurs via a virtual intermediate state, which has a very short lifetime.
As already stated the process is non linear and a high intensity laser is needed due
to the short lifetime of the intermediate state. The TPA threshold is generally lower
for shorter wavelengths which can lead to the risk of single photon monomer bond
cleavage, which is an undesirable process during TPA. An advantage of TPA is that
the majority of resins that polymerise upon UV irradiation can also polymerise upon
simultaneous absorption of two photons of double wavelength as long as there is a
strong enough laser power. The fundamentals behind TPA are described in Figure 2.
The fabrication window and voxel size during TPA structuring is strongly dependant
on the laser pulse energy above the threshold, and laser writing using TPA is a true
3D technique, carried out in transparent media, producing structures with um and sub
pum resolution. The process is shown diagrammatically in Figure 3.
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Figure 1: Energy level diagram of Two-Photon Absorption and ionization
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Figure 2: Fundamentals of TPA: The net excitation per transversal plane is
constant for 1PA, however for TPA it is localised near the focal plane

In Figure 2:, the diagram shows a), the focused laser beam, b), total one photon
absorption per transversal plane-integration of the intensity over the plane, and c),
total two-photon absorption per transversal plane-integration of squared intensity
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Figure 3: lllustration of the area in which interaction with the laser occurs
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1.3  Two-Photon Photopolymerisation

Photopolymerisation is a process commonly fabricated via TPA. Fabrication is
performed in a viscous liquid pre-polymer resin containing a photoinitiator. TPA by
the photoinitiator leads to the generation of radicals that induce a polymerisation
chain-reaction, which hardens the resin locally. The initiator absorbs visible or IR
photons in a two-photon polymerisation process, and are then absorbed
simultaneously by the photoinitiator molecule, which in its excited state becomes a
radical that interacts with the surrounding monomers and triggers a polymerisation
chain reaction. The reaction stops as soon as the various oligomers generated in the
process link to form the final polymer. Once the fabrication is complete, the
unexposed resin can be washed away with solvent, leaving behind a 2D structure.
Most commonly used materials are acrylate resins, as they generally have high rates
of polymerisation and a number of varieties are available®. The physical and chemical
properties can also be easily tailored to the specific application. Two-photon
photopolymerisation technologies can be applied to 3D fabrication of microstructures
in polymer materials and the method could replace the traditional optical devices
fabrication methods of lithography and etching processes on silicon substrates which
include many time consuming steps. The fabrication method can be simplified into a
single step by laser-induced photopolymerisation.

1.4 Photoinitiators

Photoinitiators are compounds, which upon the exposure of UV light, will decompose
to form free radicals. Following the absorption of UV radiation, an unstable excited
species is produced. In photo-induced polymerisation, formation of a free radical by
rearrangement, fragmentation or energy transfer, followed by the attack on a
monomer, leads to polymerisation. A simple scheme is presented below.

I + hv — I* (excited state)

*+M — | + M* — Me (initiation)

Me + nM — (M)nMe (propagation)

(M)nMe + eR — (M)nMR (chain transfer and termination)
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Type | photoinitiators undergo a unimolecular bond cleavage when irradiated, giving
free radicals. In contrast, type Il photoinitiators undergo a bimolecular reaction, where
the excited state interacts with a second molecule, such as a coinitiator, which then
generates free radicals. As we require the effective polymerisation of methacrylate
monomers in this research, a photoinitiator was chosen due to its suitability, solubility
in the polymeric material and correct absorption in the UV spectrum.

Photoinitiators play a key role in UV curable systems by generating reactive species
or ions which initiate the polymerisation of multifunctional monomers and oligomers®.
Commercial photoinitiators for UV curing systems can absorb photons from the
incident radiation. Light absorption from the photoinitiator requires that the emission
line from the light source overlaps with an absorption band of the photoinitiator The
energy of the photon is transferred to the electronic structure of the photoinitiator,
which converts the light energy into chemical energy in the form of reactive
intermediates such as free radicals, which will then initiate polymerisation of
monomers and oligomers. When exposed to UV light or two-photon NIR light, the
photoinitiator is photolysed to produce free radicals via molecular bond cleavage.
The bond must have a dissociation energy lower than the excitation energy of the
reactive excited state. After absorbing the energy, the initiator transfers from the
ground state to an excited singlet or triplet state and part of the absorbed energy can
be lost through internal conversion from the excited state to the ground state. Some
reactive intermediates can also be quenched by oxygen, or recombination of
intermediates. Some initiators abstract hydrogen from hydrogen donors and undergo
a photo-induced electron transfer process to produce reactive intermediates. A model
initiator should have a number of desirable attributes, including a high molar
absorption coefficient and a well-adapted spectral absorption range. It should be able
to produce intermediates with good reactivity and photolysis by-products with low-
toxicity. It should also be compatible with the monomers and oligomers and disperse
in the monomer uniformly before photopolymerisation.

Two-photon technology has great potential in the application of 3D microfabrication
and optical data storage areas, so it is desirable to design and synthesise highly
active organic two-photon chromophores. Understanding the relationship of the
molecular structure and properties with varied structural parameters and reproducing
characterisation of two-photon properties is still a challenge for researchers. One
common design concept is based on the relationship between the molecular two-
photon cross-section and the components of the third order nonlinear susceptibility. A
common structure used in the two-photon initiator is the Tr-conjugation bridge
chromophore with high planarity substitutes of electron donor or acceptor. A Type |
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structure is symmetrical, such as D-11-D, D-11-A-11-D and A-1-D-11-A molecules. Type
Il structures are asymmetrical, such as D-1-A molecules’. Some strategies have
been investigated to increase the cross-section of the molecules, such as extending
the 1T-conjugation length, increasing the planarity of the chromophore and increasing
the strength of the donors and acceptors®. The initiator molecules should have a
large two-photon absorption cross-section, and also have a high efficiency to
produce reactive intermediate radicals or cations. When a two-photon initiator is used
the photo-sensitivity of the whole system is increased.

1.5  Optical Waveguides

Planar lightwave circuits (PLCs) which are based on layers of glass, polymers or
other materials, are relatively cheap, and have a high integration density by using
well-established fabrication methods from the silicon industry. Processing of these
circuits enables automation, integration of multiple functions and customisation to
requirements®. The fundamental components in PLC’s are optical waveguides. These
components act as photonic analogues of copper circuits, serving as interconnects
among different components on a chip. Optical waveguides confine and direct optical
signals in a region of higher refractive index than its surrounding material. The optical
energy is confined in the substrate, and the superstrate has the highest refractive
index, so provides a guiding region. The refractive index is achieved from the
waveguide fabrication process. Simple waveguide structures can be produced, but
complex optical circuits can also be fabricated. The waveguides contain different
structures and shapes that form various functions and can be classified into two
categories. Passive devices exhibit static characteristics for optical waves and
functional devices for optical wave control. Polymer optical devices are becoming
increasingly popular within the applications of optical networks, due to their optical
functions, and their ease of production at low costs. Polymers have the desirable
property of having a very large negative thermo-optic coefficient, which is the
gradient of refractive index, (dn/dT), around ten to forty times larger than other
conventional optical materials. Polymers have a wide range of refractive indices
closely matched to that of silica fibre, so it is possible to optimise the material for a
number of different applications in all transmission windows of silica fibre. A number
of different polymers are being used in integrated optics, including polyacrylates,
polyamides, polycarbonates and polyolefins.
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1.6  TPA Fabrication of Waveguides

Two-photon absorption processes can be used to perform selective polymerisation
for the fabrication of basic elements needed in optical circuits in photopolymerisable
resins. Organics are desirable materials to use in this field, as their optical properties
can be controlled. The refractive index of polymeric materials can be modulated by
the rate of polymerisation induced by the illumination. Polymeric integrated optics has
applications in fibre interconnections, made in triacrylate monomers by making use of
light induced self-written waveguides (LISW)'®'". LISW has the limitation however, in
that it only allows straight waveguides, and so the fabrication of complex optical
integrated circuits is not possible. For these structures you need a 3D control of the
photopolymerisation process. TPA polymerisation enables the inscription of random
designs in a resin.

A number of 3D microstructures have been reported, such as the inscription of a
structure in a mixture of two polymers'?, and successful sub-wavelength structures
have been made on photonic crystals and in arbitrary shapes'®. In a recent paper the
fabrication of some basic elements used in optical circuits, such as bends and Y-
splitters in a photopolymerisable resin have been studied. A single monomer was
used and the refractive index was controlled by a pre-polymerisation step. This
application of TPA led to promising results and research continues into using
polymeric materials for integrated optics. The same research group used laser
scanning to convert pre-designed computer aided design (CAD) patterns to a
structure in the resin. Two modes for direct scanning were used: raster-scan mode
and vector scan mode. The raster scan mode works by all voxels in the cubic volume
that contain the micro structure being scanned by the laser focal point. In the vector
mode, the laser directly traces the profile to be defined, requiring a smaller number of
voxels. Using the two different modes, the same object was fabricated. The “micro-
bull”, shown in Figure 4 was produced by Kawata et al. using layer by layer raster
scanning schemes, so all voxels consisting of the bull were exposed point-by-point,
line-by-line and layer-by-layer using the two-photon process, taking 3 hours to
complete. The same structure was then fabricated using the vector scan method, and
only took 13 minutes to complete.
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Figure 4: SEM image of a “microbull” structure produced by raster scanning
(10 pm long and 7 ym high)
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2 Introduction - Current Research

2.1 Two-Photon Photopolymerisation for Microfabrication

The fields of two-photon photopolymerisation and the development of waveguide
structures formed from polymeric materials are still relatively new, and most recent
reviews focus on the investigation into new photoinitiators, the use of two-photon
absorption for the fabrication of 3D microstructures, and the writing of optical
waveguides in a number of different polymeric materials. The following sections
highlight current research being carried out in the field of two-photon
photopolymerisation, three dimensional waveguide fabrication and a number of state
of the art microfabrication techniques.

Microfabrication is increasing in importance as practical advances in micro-
electromechanical systems and nanotechnology are being adapted and extended.
Polymers are being chosen more and more due to their inexpensiveness, ease of
use, special optical properties and ease of processing. Polymeric materials can be
flexible and easy to modify into composites to achieve desirable chemical and
physical functionality. The resins used to fabricate such microstructures are multi-
functional monomers and oligomers. A chosen photoinitiator (PI) suitable for the
specific use of the polymer can be added to the resin through a solvent-mixing
process, to initiate the polymerisation process and produce desired structures.

Efforts are being made into the synthesis and photochemical studies of new TPA
photoinitiators that have more desirable properties. This is due to the fact that
conventional photoinitiators often have small TPA cross-sections (8) in the near-IR
wavelength range, where femto-second lasers are used for TPA induced
polymerisation. Previously reported & values for a few conventional photoinitiators
are of the order of less than 10 Géppert Mayer (GM) units, where 1 GM = 10°°%cm*s
per photon . In spite of the low & values, the general use of a variety of conventional
photoinitiators for TPA polymerisation of acrylates, epoxides, vinyl ethers and thiol-

ene monomers have been reported’®.

Because commercially available
photoinitiators generally have low & values, research has been carried out on the
preparation of new photoinitiators that have higher TPA cross-sections, with the hope
that greater d values will mean the use of lower laser power and a shorter irradiation
time. This would mean minimum optical damage to the polymer materials.
Photoinitiators with higher & could also allow the use of cheaper micro-lasers but with

the same polymerisation speed from that obtained by the conventional femtosecond-
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lasers and commercial UV resins'’. It is a challenge to produce new photoinitiators
with improved photosensitivity to the near-IR radiation for TPA polymerisation, and
many synthetic procedures are needed. It would however have a great impact on the
success of 3D photopolymerisation if better TPA initiators were developed. TPA-
induced polymerisations used for micro and optical-component fabrication often use
conventional, commercially available UV-visible photoinitiators.

The mechanism of two-photon polymerisation has been studied extensively by
numerous authors. Lu et al. have carried out studies with the emphasis on the types
of photoinitiators containing three different two-photon chromophores'®. Lu et al.
reported the synthesis of the three types of chromophores; D-11-D-11-D, D-11-D and D-
m-a-1-D, where D is the strong donor terminal group, 1T is a TT-conjugated core, and
D and A are the electron-accepting side group linked with the 1T-conjugated core.
Their use as two-photon initiators was fully investigated in earlier works'. The
sensitivity of two-photon polymerisation was found not to be related to the enhanced
two-photon absorption, but is based on the fact that the sensitivity of TPA is
dependent on TPA and the electron transfer from the lowest singlet state of the
chromophore to the monomer. Electron charge transfer from the excited initiator
molecule to the monomer was through intra-exciplex. The rate of the TPIP was
determined by equilibrium of electron transfer and back electron transfer between the

initiator and monomer.

The TPA properties of a number of common, commercially available photoinitiators
were reported by Schafer et al., using two non-linear transmission spectroscopic
methods®. Many of the photoinitiators undergo Norrish type | a-cleavage reactions
involved in the radical generation. The photoinitiators studied were a-
hydroxyketones, a-aminoketones, acylphosphine oxides, a metallocene, an iodium
salt photoacid generator (PAG), an aryl ketone initiator isopropylthioxanthone (ITX)
and two newer materials. A white-light continuum pump-probe technique and a Z-
scan technique were used to measure the TPA properties of the photoinitiators. In
the Z-scan technique, the transmittance of a focused beam is monitored after
passage through the sample. The sample is translated along the axis of a focused
beam and passes through the middle of the beam where the irradiance is at a
maximum and provided the sample exhibits TPA, the transmittance of the beam
should be at a minimum. Fitting this transmittance versus the sample position led to
the & being determined. Diphenylaminobenzothiazolylfluorene (DPABz), a strong
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two-photon absorption compound, exhibited high TPA and was found to be as
efficient as a two-photon free radical photoinitiator.

A number of researchers have been working with different photoinitiators and
materials to create 3D micro-structures by two-photon photopolymerisation. Smaller
structures are being fabricated, and at faster rates with more detailed shapes and
forms. This enables the fabricated structures to be integrated into complicated
devices. Wu et al. reported on the recent developments and improvements of TPA
technology for micro-fabrication, along with their current research on the topic?'.
When concerning TPA photopolymerisation, two types of photoinitiators are generally
reported: UV-visible photoinitiators ?*, and electron-rich molecules optimised for TPA
in the desired wavelength range. Greater values of TPA cross sections in the second
class of molecules allows for lower powers and shorter times of exposure, leading to
cheaper production costs®. A number of lasers are available at shorter wavelengths
in the visible range, such as the Ar-ion laser or the frequency doubled Nd-YAG laser,
which can lead to better polymerisation resolution and smaller 3D structures being
realised. Research is still in the early stages of manufacturing TPA initiators in the
visible range. One such study is the investigation into two symmetric N, N-bis-(4-
methoxyphenyl)-N,N-diphenyldiamino derivatives®®. These molecules have a D-m-D
structure and are known to be well suited to photopolymerisation®*. The molecules
used in this research were biphenyl or fluorene derivatives, and the moderate
conjugation in the molecules showed a shift the TPA properties in the visible range.
The TPA cross sections were characterised as well as the ground state oxidation
potentials and threshold energies for the polymerisation of triacrylate monomers. The
molecules were found to be efficient TPA initiators in the 500-600 nm spectral range.
The molecules were successfully used for acrylate photopolymerisation without any
coinitiator. Polymerisation thresholds can be understood in terms of the idea that a
resin is polymerised as soon as the density of the radicals p = p (r, z t,), exceeds a
certain minimum concentration (py). These were determined by the analysis of
polymer lines produced at variable exposure dose.

New research is currently being carried out on novel chromophores for photoinitiators
containing double and triple bonds. A number of new applications are being
developed in the field of thin films, so formulations have to be adapted to give the
optimum performance for the particular uses. The type of resin chosen influences the
characteristics such as mechanical and physical performance, properties such as
hardness, toughness and oxygen permeability. Photoinitiators, as already discussed,

26



are the key component in these formulations. By modifying the photoinitiators, there
can be significant manipulation on the curing performance, such as the rate of
polymerisation (R;), double bond conversion, and the final properties such as the gel
content or colour. Many radical generating photoinitiators are based on benzoyl
chromophores and are classified into the cleavable Type | or hydrogen abstracting
Type |l systems. Initiators can be modified by adding suitable substituents to give
desirable properties, such as better solubility. The conjugation can also be extended
which leads to absorption shifting to the visible range of the spectrum. This is
important in a number of current applications. Another way to shift the absorption
would be to introduce hetero-substituents such as OR, SR, or NR,** In the case of
NR., decreased photoactivity is sometimes observed due to charge-transfer
interactions with the carbonyl group and so lowers the quantum yield for n-m
transitions. The benzoyl chromophore is a structure widely used in photoinitiators, as
it is cheap, universally applicable and has good reactivity. Usually however,
coinitiators such as tertiary amines are used which can give rise to odours and
discolouration. One-component systems based on thioxanthone have recently been
described.?.

Seidl et al. are carrying out continuing research into new chromophores for
photoinitiators. Recently, a series of double and triple bond containing photoinitiators
based on benzophenone, thioxanthone, benzyl, benzyl dimethyl ketal, and
hydroxyalkylphenone were investigated®. It has previously been shown from
differential scanning photocalorimetry (photo-DSC) experiments using monomers
with abstractable hydrogens, that 1,5-diphenylpenta-1,4-diyn-3-one (DPD) gives high
activity for double bond conversion and polymerisation at low photoinitiator
concentrations of 0.0025 M, and without the use of a coinitiator. UV-Vis spectroscopy
shows a strong absorption up to 350 nm which may be explained by a cross-
conjugation effect. Photoinitiators based on donor substituted DPD have been found
to be suitable for two-photon initiated photopolymerisation. Because of these findings
Seidl et al. extended their research into other types of photoinitiators based on DPD.
To evaluate the new initiators, UV-Vis spectroscopy was used, as it was expected to
see significant red-shift compared to other compounds. The rate of decomposition
(Ry) was determined by steady state photolysis in combination with HPLC.
Photoreactivity was also determined by photo-DSC. UV-spectroscopy revealed that
the absorption shifted up to 50 nm to the visible region of the spectrum, and with the
steady-state photolysis experiments, the Ry was determined. These rates were
almost identical to commercially available reference photoinitiators. Quenching
reactions with 2,2,6-tetramethylpiperidine-1-oxyl (TEMPO) identified a-cleavage for
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Type-| initiators. All the compounds synthesised were found to be suitable to use as
photoinitiators for longer wavelengths. For optimum stability, the photoinitiator
concentration should be selected carefully to achieve optimum reactivity.

2.2  TPA Sensitising Systems

A number of research groups are working on TPA compounds and exploiting efficient
photoinitiators and sensitisers to achieve better microfabricated structures and
greater TPA cross sections. The Nanophotonic Materials Laboratory at Hannam
University, Korea, has recently been working on the development of highly efficient
TPA photosensitisers and matrix materials, as well as novel mechanical approaches
and optical setups. By employing TPA active dyes and computer aided design
systems (CAD) the research group successfully increased the spatial resolution of
microfabrication to below 100 nm?. Lee et al. have also recently introduced a method
for fabricating 3D nano and microstructures in a single step using a multi-layered
stamp via two-photon polymerisation. Lee et al. have also carried out a number of
different studies on the synthesis of efficient two-photon absorbing materials. The
main types of materials are based on phenylene vinylene, phenylene ethynlene, and
fluorene and dithienothiophene moieties as TPP sensitisers. Organic TPA materials
received very little attention until 3D data storage was demonstrated in 1989 by
Rentzepis. Since then, various chromophores have been investigated for the use as
TPA photosensitisers. Reinhardt et al. studied a series of TPA dyes based on -
conjugated benzenoid structures.®. The study consisted of the characterisation of
the TPA activities as a function of the change of the chemical structures and design,
to increase the TPA efficiency. This included the extension of conjugation length, the
increase of planarity, of the 1-conjugation and the increase of pendant chain length.
Leading on from this Kannan et al. synthesised a number of fluorene derivatives in
which a donor was fixed with diphenylamine at one end, a t-centre with fluorene and
acceptors. The pendant alkyl group was changed to investigate the TPA activity. It
was shown that 2-benzoylthiazolyl and benzoyl groups were more efficient acceptors
than pyridine moieties. Owing to improved laser and optics technology, lasers can
cover from 500 to 1200 nm and sometimes up to 2400 nm. This means it is now
possible to characterise diverse nonlinear optical properties of materials. Strehmel et
al. studied the effect of conjugation length of a series of molecules containing strong
acceptors such as fluorinated phenyl moieties®. As expected the longest conjugated
system showed the highest TPA activity of 500 GM at the longest wavelength of 850
nm. Marder et al. synthesized and investigated a series of dipolar chromophores with
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pyrrole auxiliary donors and thiazole acceptors®. These compounds exhibited very
high TPA-cross sections of around 1500 GM. The most extensively studied TPA dyes
are those of centrosymmetric quadrupolar structures, D-11-D, and A-11-A, shown in
Figure 5. Efforts have been made to establish TPA activity-structure relationships for
these dyes through experimental studies. Marder et al. investigated, through
mechanistic and theoretical studies, the nature of TPA on bis(styryl)benzene
derivatives. The study showed that for linear centrosymmetric quadrupolar TPA
molecules the intramolecular charge transfer (ICT) character of the TPA molecule is
important in enhancing the TPA activity. From the study, the results revealed that the
extension of the 1T-conjugation, introduction of acceptors on the centre ring, increase
of donor strength and reversal of the direction of charge transfer from D-11-D to A-11-A
enhance TPA activity®’. Other structural designs have been considered for TPA
molecules. Another research group investigated the effects of double and triple bond
containing molecules, and the effects of their TPA activity. The work concluded that
double bonds have a greater effect than triple bonds in enhancing TPA efficiency.
Comparing the TPA efficiency of longer m-conjugated molecules containing triple
bonds to ones with only double bonds they showed the coplanarity of the molecule is
a critical element for enhancing the TPA activity due to efficient tr-electron
conjugation.
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Figure 5: Symbolic representation of D--D, and A-mr-A
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2.3 Cationic Two-Photon Induced Photopolymerisation

Cationic two-photon induced photopolymerisation was first reported in 2000%. TPIP
of an epoxy resin sensitised by isopropylthioxanthone and diarylidonium salt was
also reported in 2001, where the study concerned the dependence of the
polymerisation due to light intensity and the value dependence on the concentration
of the initiator®. It was shown that cationic TPIP with a low threshold and a high
dynamic range could be achieved wusing the initiating system of
isopropylthioxanthone/diarylidonium salt, for the cationic polymerisation of di-
epoxide. The material could be polymerised at intensities more than 100 times the
threshold level without damage.

2.4 Organic Resins

Many types of materials are commonly used for two-photon photopolymerisation and
the group of materials routinely used and have already been discussed are acrylate
resins. Baldacchini et al. have reported on the development of a new acrylate resin
for the use in multi-photon polymerisation that has improved physical and chemical
properties®. The report included the characterisation of the multi-photon initiator
properties and also structures that exhibit low shrinkage and high mechanical
strength and hardness. The resin formulation contained three components.
Ethoxylated trimethylolpropane triacrylate, which was used to help reduce shrinkage
during polymerisation, tris(2-hydroxyethyl)isocyanurate triacrylate, which promoted
hardness of the polymer, and Lucirin TPO-L, which is an acylphosphine oxide radical
photoinitiator. It has already shown to be an efficient initiation of photopolymerisation
by TPA. This demonstrates that it has a considerable TPA cross section for light with
a wavelength near 800 nm. In single-photon polymerisation, it is necessary for the
absorption path length to be comparable or larger than the thickness of the object to
be polymerised so the absorption does not prevent the polymerisation of the portion
of the object furthest away from the light source. This means there is a limit to the
concentration of photoinitiator that can be used. With multiphoton absorption, the
sample is transparent at the laser wavelength and occurs only at the focal region.
This means it is possible to use a higher concentration of photoinitiator. In this work,
the optimum concentration of Lucirin TPO-L was determined by preparing samples of
equal amounts of the starting materials and various weights of the photoinitiator. A
laser beam was focused in the middle of the sample. Different spots in the sample
were exposed for 5 s each at various powers, and the damage threshold (P, gam)
(defined as the minimum power at which uncontrolled polymerisation took place after
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the exposure time) was determined. It was shown that Py q4.m decreased as the
concentration of photoinitiator increased up to around 1.5 wit%. Following this, only a
small decrease was seen. To determine the polymerisation action spectrum, Py, tan
was measured as a function of excitation wavelength. From this, it was concluded
that Lucirin TPO-L initiated best near a wavelength of 725 nm. The authors created a
number of 3D microstructures fabricated using multiphoton absorption. The
structures showed no sagging or distortion, which indicated the polymer had
excellent mechanical properties, and the straightness of the edges near the base of
the structures showed that the resin did not shrink significantly during the
polymerisation. The novel resin consisted of readily available components and was
prepared in a simple process. The fabrication of 3D structures with high structural
rigidity, using low amount of output power of a Ti-sapphire oscillator was found to be
possible.

2.5 3D Structures — Hybrid Materials

The interaction of lasers with polymer surfaces and bulk samples is becoming
increasingly important from a technological perspective. Adapting polymers to laser
beam characteristics is a challenge, and as the method of TPA using femtosecond
lasers has been successful and a considerable amount of work has gone into
optimising the process. Structures already fabricated are for example, photonic
crystals and some mechanical devices. Inorganic-organic hybrid polymers have
attracted much attention as a material suitable for optical or microelectronic devices.
The physical properties of the hybrids can be tailored, such as the refractive index, or
the compounds can be mixed to achieve desirable properties. A slow writing speed,
low energy and multiple exposures were needed to obtain well-defined lines. From
these studies, it was found that by substituting an organo-alkoxysilane with a Ti
alkoxide, the refractive index could be increased by around 7 %. High refractive
indices were achieved without thermal treatment and for samples with a low degree
of cross linking.
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2.6  Photonic Crystals

3D photonic crystals are becoming interesting in the field of two-photon
polymerisation. Photonic crystals are periodic dielectric microstructures, which can
be fabricated at lattice parameters small enough to observe their unusual optical
properties in the NIR or visible spectral regions. A number of functional defects are
able to be introduced into photonic crystal structures, which makes them good
candidates for device fabrication. A recent paper has been written on the
development of a single-monomer acrylate based resin and how it can be used to
fabricate 3D photonic crystals using TPA®. Structures with isolated or weakly linked
structural elements such as photonic crystals featuring rods with diameters in the
order of 200 nm are difficult to construct with TPA. The choice of material is therefore
crucial. The structures need to be mechanically stable and free from distortions
related to shrinkage during the polymerisation process. Sample post processing
should leave the fabricated structure unharmed, and the resin must be homogenous
and transparent at the fabrication wavelength. When used for optical microstructures,
the polymerised material must be transparent at the operational wavelength such as
telecommunication wavelengths in the NIR spectral region. When using commercially
supplied resins; the minimum structural element size of structures varies between 5
and 1 um. The commercially available polysiloxane polymer inorganic glass hybrid
materials (IPG, RPO Inc) produced minimal sizes of isolated structures of elements
of around 350 nm, however the quality of the photonic crystals was degraded quite
considerably from shrinkage. Due to the shortcomings of commercially available
resins, pure acrylate-base polymers, as well as inorganic-organic hybrid polymers
have been developed. Using these materials, isolated polymerised voxels with
diameters of 120 nm have been fabricated. Wu et al. used the single monomer
acrylate resin with an aromatic ketone photoinitiator to produce photonic crystal
structures by TPA. The resin was easily prepared and the monomer was found to
generate an insoluble cross-linked network by free radical polymerisation. The
polymerised material was thermally stable up to 300 °C and its refractive index
increases from 1.54 to 1.59 after polymerisation. Photonic crystals were fabricated in
a “woodpile” structure at a layer spacing of 500 nm. The structures with sub-
micrometer resolution of the structural elements by TPP were fabricated, and
featured bandgaps in the NIR spectral region.
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2.7 Organically Modified Silicon Alkoxides

Over the past ten years, organically modified silicon alkoxides have been utilised for
the formation of hybrid organic-inorganic materials. When one of the organic groups
can be polymerised, the addition of a photoinitiator will make the material UV
photopolymerisable. UV irradiation of thin films made from the hybrid material results
in the formation of a stable cross linked network of hybrid molecular chains. When
the UV irradiation is selective, what can be formed is planar channel waveguides.
These planar channel waveguides are similar to optical fibres, which are essentially a
material with a high refractive index core surrounded by a low refractive index
cladding. Planar waveguides differ from this, as they are formed in thin coatings and
do not have circular cross-sections, but square. Fabrication of these structures can
be achieved by precise UV exposure techniques, such as mask photolithography or
direct laser writing. Hybrid materials have been used in recent years for many
applications, and one of interest is the application in planar lightwave circuits (PLCs)
for photonics applications in the area of telecommunications and sensing. The
performance of waveguides is linked strongly to the exact properties of the hybrid
material, and the propagation of light is affected by scattering and absorption
processes. This has led to recent research focused on developing novel
photopolymerisable  sol-gel materials with  high  transparency at the
telecommunication wavelengths. R. Copperwhite et al., have recently carried out
extensive research on understanding the photopolymerisation processes involved
during waveguide formation®. There is little research on the behaviour of different
photoinitiators in sols and their effect on the structure of the resulting waveguides.
The type of photoinitiator and the molar concentration used relative to the
photosensitive groups in the sol has an influential role in the resulting waveguide
shape and its optical performance. The effect of the chelating agent also, and its ratio
to the other precursors in the sol, have been investigated.

2.8 Polydimethylsiloxane (PDMS) Materials for Microfabrication

Of interest to us is the potential applicability of waveguide writing in 3D by two-photon
photopolymerisation. Much research has been carried out recently on this topic,
including the use of polysiloxanes. Extensive research has recently been carried out
on two-photon 3D lithography and selective single-photon photopolymerisation in a
prefabricated polydimethylsiloxane matrix®’. The potential applicability of these
processes lies in waveguide writing in 3D by two-photon polymerisation. TPP allows
the fabrication of sub-micron structures from a photopolymerisable resin. By using
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low-energy near-infrared lasers, it is possible to produce 3D structures with a spatial
fabrication resolution down to 120 nm. The technique can be used to inscribe
waveguides into materials that are otherwise not accessible. New photoinitiators for
3D structuring by TPP have been reported; along with an approach to writing
waveguides by selective one-photon polymerisation in a preformed
polydimethylsiloxane (PDMS) matrix. Recent efforts have been concentrated on the
preparation of novel photoinitiators that possess higher TPA activity. For waveguide
applications, TPP has to induce a refractive index change in the range of An/n " 0.1-
1%, Inscription of waveguides in 3D requires materials and methods suitable for a
selective refractive change in a preformed material block. Literature reports a number
of approaches, such as selective curing of a component in a resin mixture® or by
direct writing into various glasses™. To achieve suitable refractive index changes for
waveguides, Infuehr et al. used the approach based on selective photopolymerisation
of monomers within a preformed flexible PDMS matrix. Polysiloxane waveguides are
routinely fabricated from thermosetting siloxanes by lithographic methods combined
with reactive ion etching or by using moulds. In this study, PDMS specimens were
swollen by photoreactive monomer formulations containing acrylates or vinyl
compounds with higher refractive indices than PDMS. The monomer was then
photopolymerised and the remaining monomer removed by evaporation. When
considering the characteristics of monomers for structuring optical waveguides, it has
to form a polymer that has a higher refractive index than the matrix so that total
internal reflection inside the waveguide occurs. With specially tailored cross-
conjugated photoinitiators, feature resolutions in the range of 300 nm with only 0.025
wt. % of initiator in the photosensitive resin were achieved.

The effects of branched structures using phenylene-ethylene derivatives have also
examined. The majority of work carried out on two-photon 3D microfabrication has
been performed using radical initiated polymerisation of acrylates. PDMS-based
microfabrication uses a thermal initiation and platinum-catalysed hydrosilylation to
cure the viscous liquid composed of dimethyl-vinyl-terminated PDMS,
poly(methylhydrosiloxane-co-dimethylsiloxane) and dimethylvinylated silica into an
elastomeric solid. The active component is usually a platinum compound, which
decomposes on exposure to UV irradiation to give an active hydrosilylation catalyst,
and a heterogeneous platinum colloid *'.
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2.9 Waveguide Materials

Modified silicon alkoxides, as already discussed are widely used in the preparation of
hybrid organic-inorganic materials. One research group has carried out extensive
studies on these materials, and their use in the development of channel
waveguides*. At the telecommunication wavelengths absorption processes are
caused by the presence of OH and C-H groups inherent to the hydrolytic sol-gel
route and to the hybrid precursors. The role of OH groups in the attenuation at 1550
nm has been considered, absorption by C-H aliphatic groups induce a stronger
attenuation at this wavelength. Aromatic and vinylic C-H groups also do not
contribute to any absorption at 1550 nm*®. Due to these discoveries, the research
was focused on preparing photosensitive materials containing the minimal amount of
C-H aliphatic groups. To achieve this, the introduction of aromatic or vinylic
alkoxysilanes within a photosensitive alkoxysilane was investigated, by means of a
three-step sol-gel technique. Four new organo-siloxanes were synthesised and their
refractive indices determined. The compounds were applicable to the fabrication of
photo-patternable channel waveguides. The photosensitive part of the materials
came from the incorporation of methacryloxpropyltrimethoxysilane (MAPTMS), which
possesses a methacrylate group which allows polymerisation when irradiated with
UV light. When additional aromatic precursors were introduced, it was found to
increase the refractive index, and the incorporation of a vinylic precursor produce the
opposite effect to the aromatic species, and cause a decrease in the refractive index
with increasing concentration. To improve the structural homogeneity and decrease
the concentration of aliphatic groups further, vinyltriethoxysilane (VTES) was
replaced with phenyltriethoxysilane (PHTES), which is similar in structure but only
contains one aromatic group. This means there is less steric hindrance and the
condensation between the aliphatic and aromatic oligomers is improved.

Currently technologies based on inorganic glasses and crystalline semiconductor
materials are often used for optical processing and optical waveguide applications.
These materials need, however, complex manufacturing processes and are unlikely
to be used for more sensitive processes. Polymers however, can be utilised for
performing integrated circuits at a low cost, and etching processes to fabricate
polymer waveguides that can perform large integration scale optical circuits, with
standard photolithography technology. There is always the need to improve the
materials used, and to maximise their efficiencies in their specific functions, as

technology adapts, and smaller, more defined structures are needed. A recent study
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by Bosc et al. involved the strengthening of some polymer materials so that they can
endure the process for standard integrated optical circuits*. Polymethacrylate
materials are commonly used to fabricate integrated optical circuits (IOC), because
they have good optical properties and are easy to form films with. A problem with
these materials is that they have to pass thermal treatments without defects
occurring in the surface. Polymethylmethacrylate (PMMA) cannot be used without
modifications as the surface undergoes “worm-like” defects, during the thermal
treatment. Bosc’s report attempts to overcome this problem by strengthening the
material using modified structures such as imidized PMMA. For the material to be
used effectively, the elastic modulus and the glass transition temperature have to be
high enough to avoid failure of the material.

2.10 Further Technologies used in Waveguide Fabrication

The field of integrated optics is developing into the field of optical communication and
optical sensing. Integrated optics are analogous to integrated electronics, but the
difference is integrated optics and circuits provide the functional information signals
imposed on optical wavelengths, usually in the visible spectrum or near infrared.
Communications and sensing can be improved using integrated optics due to its high
bandwidth and resistibility to electromagnetic interference. Waveguide devices have
been investigated for fabricating optical integrated circuits that could play an
important role in electro-optic devices. Polymers are being developed for electro-
optic devices for a number of reasons, one being their flexibility**. Polymers can be
used as spun-on layers which are compatible with many substrate materials and can
be tailored for specific applications. The refractive index profile in waveguide cross
sections is important, and defines the properties of the waveguide as an
informational system element and so sets the performance of the whole planar
device.

Common techniques used for polymeric waveguide fabrication are ion implantation,
which is a process whereby ions of a material are implanted into another solid, thus
changing the physical properties. Also used is photolithography, which is a process
that selectively removes parts of a thin film or the bulk of a substrate. Light is used to
transfer a geometric pattern from a photomask to a light sensitive chemical
(photoresist) on the substrate. A series of chemical treatments then engraves the
exposure pattern into the material under the photoresist. Reactive ion etching is also
used, which is a technique which uses chemically reactive plasma to remove material
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deposited on wafers. The plasma is generated under a low pressure vacuum by an
electromagnetic field. High-energy ions then attack the wafer surface and react with
it. Methods such as these, although well established, involve many processing steps,
or lengthy fabrication times. Watt et al. have developed the new technique of proton
beam writing, which has the advantage of being maskless, which allows rapid and
inexpensive prototyping. Comparing the application to electron beam lithography,
there is the advantage that, unlike electron beam exposures, where the electron
trajectories are erratic due to multiple large angle collisions, protons have a straight
trajectory and a well defined range in a photoresist. The use of this technique to
fabricate low-loss, passive polymer waveguide structures such as symmetric y-
branching waveguides in SU-8 (a viscous polymer commonly used as a negative
photoresist) have been reported.*®. Proton beam writing is a direct-write
micromachining technique which can produce 3D micro-structures with straight and
smooth sidewalls. A focused sub-micron beam of 2.0 MeV protons is used to directly
write onto suitable polymers. The protons are focused using magnetic quadrapole
lenses. Sub-micron beam resolution is important for proton beam writing as it is
essential to direct-write the optical pathways accurately to realise the optimal design
and minimise optical losses. The research included spin-coating SU-8 on a glass
substrate, and measuring the transmission spectra and refractive index of the
polymer when it was proton beam cross-linked. The new technique was applied to
fabricate symmetric y-branching waveguides, and it is believed that the proton beam
writing technique gives flexibility, to create waveguides of arbitrary patterns, and
could also be applied to rapid prototyping of optical circuits.

The first waveguide grating was reported in 1970 and since then, research has
moved into the area of integrated optics. Inexpensive and reliable waveguide
gratings are in demand, and so polymers are being investigated in great detail as the
material of choice. Polymeric waveguide gratings are fabricated by a number of
methods, such as UV-photobleaching, laser ablation and photoisomerisation. Their
optical properties such as optical switches, photonic band-gap and resonant grating-
waveguide structure have also been comprehensively characterised. The most
common methods used to form gratings in polymeric materials are by physical
means. This means there are no chemical changes in the polymeric waveguides
during the process. It has been reported that a grating with electronically switchable
properties has been fabricated with electronically switchable properties by using
TPP*. Yu et al. recently described a fabrication method of coupling gratings by
TPP*. Compared to the physical methods, TPP is convenient, flexible, is relatively
cheap and is automated. TPP was demonstrated for the fabrication of the coupling
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grating in a thin polymeric waveguide film. The results showed that when the incident
laser with wavelengths of 514 and 632 nm reached the coupling grating in the
waveguide at an appropriate angle, the laser was coupled into the film and
propagated to the other side of the film.

The thermo-optic coefficient of polymers is important in determining waveguide
device performance. A large thermo-optic coefficient means a reduction of power and
consumption for devices such as thermal optical switches (TOS) and variable optical
attenuators (VOA) because it corresponds to small temperature changes and so a
small power input for causing the change in the refractive index of polymer
waveguides required for optical switching or optical attenuation. Studies were carried
out on a polymer/silica hybrid VOA, and showed that when the coefficient of the
cladding polymer was changed from -1x10*to -6x10™ (°C™"), the power consumption
of the devise was reduced by 80 %*°. Only when power consumption is reduced
significantly will the fabrication of high channel counting TOS and VOA and the
integration of devices with arrayed waveguide grating (AWG) on one chip become
practical. A large thermo-optic coefficient is not desirable for AWG, because its
wavelength shifts when the refractive index of the waveguide is changed and the
wavelength shift is sensitive to temperature variation, so minimising the coefficient is
necessary for fabricating AWG using polymers. The thermo-optic coefficient of
polymers is important for controlling device performance, and has to be properly
selected for different types of devices. Zhang et al. have developed an empirical
equation for estimating the thermo-optic coefficient of a polymer using its coefficient
of thermal expansion which is easily measured using routine polymer testing
equipment such as a TMA and dilatometer, and is available for many commercial

polymers®.

2.11  Multiphoton Lithography

There is much interest in the potential for the application of producing 3D structures
with nanoscale resolution using multiphoton lithography (MPL). In depth studies have
been carried out on the fabrication of nanoscale polymeric features with a width of 65
nm using 520 nm femtosecond pulse excitation®'. A photosensitive resin used for the
MPL consisted of a 50:50 wi% blend of triacrylate monomers and 0.1 wit%
photoinitiator consisting of 4,4’bis(di-n-butylamino)biphenyl (DABP) or E,E-1,4-bis[4-
(di-n-butylamino)styryl]-2,5-dimethoxybenzene (DABSB). Lines were written between
supports, at various powers and scan speeds in order to establish the threshold for
multiphoton writing of polymeric lines and the minimum feature sizes that could be
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obtained with laser wavelengths of 730 and 520 nm for the resin systems. It was
shown that the line widths initially grow and then approach a constant value with
increasing exposure time for a given power. The laser-induced polymerisation using
a photoinitiator with a large cross-section in the visible wavelength region allowed for
the multiphoton 3D lithography with nanoscale lateral feature resolution. Line widths
of 80 nm and 65 nm in “woodpile” photonic crystal structures were able to be
fabricated, and the formation of such nanoscale structures using MPL is seen to have
an impact on the fabrication of photonic and electronic devices in the future.

2.12 Experimental Methods for the Characterisation of Two-Photon
Absorption

TPA can be measured by a number of techniques, including two-photon excited
fluorescence (TPEF) and nonlinear transmission (NLT). Pulsed lasers are routinely
used to study TPA, as it is a third order nonlinear optical process, and so is most
efficient at high intensities. The process is described as nonlinear, due to the fact that
the strength of the interaction increases faster than linearly with the electric field of
the light. In ideal conditions the rate of TPA is proportional to the square of the field
intensity. To study TPA phenomena, lasers are necessary due to the high light
intensity required. In addition, to understand the TPA spectrum, monochromatic light
is needed to measure the TPA cross section at different wavelengths, so the choice
of excitation is a tuneable pulsed laser, such as frequency-doubled Nd-YAG-pumped
optical parametric oscillators (OPQO’s).

A number of research groups have carried out studies on the measurements of TPA
cross-sections and the mechanisms of TPIP. Optimisation of the sensitivity of TPIP
using a number of different photoinitiators has been reported. The use of
bis(diphenylamino)-diphenylhexatriene, used to induce the polymerisation of a highly
functional free radical polymerisable monomer dipentaerythritol pentaacrylate has
been studied, and the efficient two-photon absorbers based on bis-(stryl)-benzene
structures bearing electron donating moieties were synthesised and found to undergo

a two-photon induced electron transfer to the functional triacrylate monomer®*®,
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3 Development and Characterisation of Matrix Materials - Requirements of the
Optical Material

When considering a matrix material suitable for the use in applications in waveguide
fabrication, such a material has to fulfil a number of requirements. For this study, the
material is to be used on printed circuit boards, which have to undergo harsh
processing steps. The chosen material, as well as the inscribed waveguide, has to
therefore withstand these processing steps, which include temperatures of over 220 °
C, high pressures and chemical exposure. The developed material therefore has to
be thermally stable above 220 °C and be chemically inert. Long term stability is also
important and processing steps kept to a minimum. The material must also be free
from toxic or hazardous components including halides, and be fully flexible, to enable
the use of the optical waveguides on flexible printed circuit boards. Polymer optical
waveguides need to have low optical losses, and for our purposes, the telecom (1310
and 1550 nm) and datacom (840 nm) wavelengths, losses need to be kept to a
minimum. The chemical structure of the polymer has to therefore contain mostly
functional groups, which do not absorb light in the telecom and datacom regions. OH
and C-H functional groups are known to absorb in the telecommunication
wavelengths, so replacing C-H groups with phenyl groups for example, can not only
reduce optical losses, but also increase the flexibility of the polymer. Electronic
absorptions in polymers are unlikely to contribute notably to optical losses in the
1300 and 1550 nm region, unless they are highly coloured. Near-infrared
spectroscopy (NIRS) is one way of determining the optical losses at specific
wavelengths. However one must also consider losses can occur through scattering,
Polarisation-dependent loss (PDL) and insertion loss. PDL is the maximum difference
of attenuation between any two polarization states. For waveguides, PDL is defined
as the maximum difference of loss between the elliptical polarization states, but
varies with different optical devices. Insertion loss can be defined as -10 logy
(Pou/ Prn) with Poy and P, defined as the output and input power from the optical
devises. Waveguide geometry and the design of the device means the polymer used
as the waveguide core has the have a refractive index higher than the cladding
material. In this study, high refractive index monomers are added to the material, and
the poly(meth)acrylate, which forms the waveguide core, must have a higher
refractive index to that of the polymeric cladding material. The packing density, the
polarisability and the difference between the optical wavelengths used all influence
the refractive index of the material, so it is important to determine the refractive index
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of the cladding and waveguide core, especially at the telecommunication
wavelengths. The refractive index of the cladding material can be tuned depending
on the concentration of high refractive index monomers present, as well as functional
groups attached to the polymeric chain. For this study, it is desirable to have a
refractive index difference (A n) of between 0.003 and 0.1, so the refractive indices of
the poly(meth)acrylate core and the cladding material, with and without the
monomers need to be determined. The cladding material needs to be fully stable, so
full removal of any remaining free monomers needs to be carried out following the
fabrication of the optical waveguides, which will also lead to a larger difference of the
refractive index. Temperature also leads to a variation in the refractive index of

polymers, with the refractive index decreasing with temperature at a rate of 10*/°C.

When considering a polymeric material used for the fabrication, all of these
characteristics need to be considered, along with other material requirements,
including having a suitable viscosity, speed of cure and the ability to form thin films. A
summary of the evaluation steps of the material during development is presented in
Figure 6. Once the material has been developed, each step, shown in the processing
flow diagram is evaluated. Three materials were developed during this study, and
each evaluated using such processing steps, leading to the polymeric matrix
materials being utilised on suitably designed PBCs containing laser and photo diodes
to form fully operational optical interconnects. The next sections will describe the
development and characterisation of three different materials, based on
polysiloxanes, containing acrylate or methacrylate monomers, which undergo
photopolymerisation by TPA, to form the optical waveguide core.
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7. Refractive index measurement (refractive index difference)
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Figure 6: Evaluation process carried out on each newly developed optical
material, resulting in the continuation or modification of properties
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The present PhD thesis contains three sections, with three materials investigated for
the use as matrix materials for TPA patterning of optical waveguides. Each material
is characterised, and the optical properties are detailed, including the fabrication of
fully operational optical interconnects. The three developed materials denoted
System A, System B and System C, were characterised fully and investigated for
their optical properties and suitability in being used as matrix materials for the
fabrication of optical waveguides.
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Development and
Characterisation of Optical
Matrix Materials — System A
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4 Characterisation of an Optical Material Developed from Vinyl and Hydride
Terminated Polysiloxanes (System A)

4.1 Introduction

Taking into consideration the characteristics needed for a material used for a matrix
material used to produce optical waveguides, a material was developed based on a
hydride terminated polysiloxane cross linked with a vinyl terminated polysiloxane. The
hydrosilylation reaction is a Pt catalysed reaction, involving the addition of an Si-H
bond across an unsaturated bond, with alkenes leading to alkyl and vinyl silanes. The
reaction is important in the preparation of organosilicon compounds. Vinyl functional
polymers and hydride functional polymers can undergo addition curing at low
temperatures, with no by-products being formed. The hydrosilylation reaction is one of
the most important methods for producing silicon-carbon bonds and cross linked silicon
polymers. Mild conditions are used, with the Pt catalyst often a chloroplatinic acid in
alcohol or Pt(0) complexes with phosphines® Hydrosilylation curing can be performed
at relatively low temperatures, depending on the catalyst utilised. A typical system
generally consists of a methylhydrosiloxane-dimethylsiloxane, and a Pt catalyst.
Preparation is carried out in two parts, with one part containing 5-10 ppm Pt catalyst,
and the other part containing the hydride functional siloxane. It is possible to modify the
hardness of the resulting materials, by controlling the cross linking, and length of the
polymer chains. Polymers with vinyl pendant on the chain can alter the hardness,
rather than being on the chain end. For this study, it was desirable to develop a
material, which could be processed in a minimum amount of steps, and at relatively low
temperatures. The Pt catalyst usually controls the curing temperature, with Pt in
vinyldisiloxanes making curing possible at room temperature. When deciding on the
type of vinyl terminated polysiloxane for this work, it was important to consider also the
optical properties and vinyl polymers with phenyl groups can alter the refractive index
of the resulting cross linked material, along with the mechanical properties. The hydride
functional siloxanes, such as methylhydrosiloxane-dimethylsiloxane copolymers have
controlled reactivity and result in stronger polymers. The reaction with vinyl functional
siloxanes was performed using a 1:1 stoichiometry and it was possible to employ
phenyl substituted hydrosiloxanes, due to their greater solubility and optical properties,
along with the phenyl substituted vinyl terminated polysiloxanes.

Taking into account the characteristics required for such an optical material, a
polymeric system was developed using the Pt catalysed hydrosilylation reaction,
between a vinyl terminated polydiphenyl dimethyl siloxane, cross linked with a hydride
terminated methylhydroxy-phenylmethylsiloxane copolymer. The development and
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characterisation of the material is described elsewhere °>°®%’  however the next

sections will summarise the material in brief, focusing on further alterations to the final
product and including optical characterisation; leading to the development of fully
working optical waveguides on specially designed printed circuit boards (PCB) to form
optical interconnects.

b R

¢

Figure 7: General mechanism of the platinum catalysed hydrosilylation reaction

4.2 Development of System A

A polysiloxane matrix material was previously designed for this project, consisting of a vinyl
terminated diphenylsiloxane-dimethylsiloxane copolymer (PDV 1635) and hydride terminated
methylhydrosiloxane-phenylmethylsiloxane copolymer (HPM 502). The materials including
the Pt catalyst, platinum carbonyl cyclovinylmethyl siloxane complex were obtained from
ABCR GmbH (Germany), and used without further treatment. The three methacrylate
monomers used; phenyl methacrylate (PMA), benzyl methacrylate (BMA) and ethylene glycol
dimethacrylate (EGDMA) were purchased from Sigma Aldrich. These monomers were
chosen as they have relatively high refractive indices, can be dissolved adequately in the
silicone resin and have a low enough volatility to enable the removal of the unpolymerised
monomers after laser exposure by means of a thermal treatment using a vacuum process.
Irgacure 379, purchased from Ciba, was used as photoinitiator. This photoinitiator is already
known for its performance in TPA experiments ***° To form the cross linked material, HPM
502, PDV 1635 and either 8 or 10 wt.% in total of the methacrylate monomers in a ratio 1:1:1
(PMA:BMA:EGDMA) were gently mixed together, including 1.8 wt.% Irgacure 379, using the
monomers to dissolve the photoinitiator. In a separate container PDV 1635 and 10 ppm Pt
catalyst were mixed together, to avoid pre-curing during the first stage. The two mixtures
were then added together and filtered using a 0.45 ym PTFE syringe filter. Following further
mixing, the material was applied onto selected substrates, with layer thicknesses of between
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300 and 500 ym. Each component and the cross linking mechanism via the hydrosilylation
reaction are presented below. To cure the material, a thermal step of 80 °C for 25 minutes

was performed, producing a partially cross linked and flexible thin polymeric film.
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Figure 8: Vinyl terminated diphenylsiloxane dimethyl siloxane copolymer
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Figure 10: Chemical structure of methacrylate monomers

48



R2_O

R——O—Si—H

CH3 R2_O CH3
Pt’.CO.CH,=CH(Me)SiO), | Hy, H, |

+ _— Ri—O0—Si—C —C —Si—O0—~R;j

CHs 80°C |

| CHy CHy

H,C=——=CH——Si—O——R;

CHj

Figure 11: Cross linking of the vinyl terminated and the hydride terminated copolymer
via hydrosilylation

4.2.1 Characterisation of components in System A

The components used in the formation of the silicone matrix were characterised by FT-IR-
spectroscopy. The materials used in the silicone matrix; PDV 1635, HPM 502 PMA, BMA
and EGDMA were used to collect FT-IR data, with which the data could then be used to
optimise the monomer concentration, determine the correct conditions with which to remove
the monomers from the matrix and the correct concentration of photoinitiator required to
achieve the optimum polymerisation of the methacrylate monomers. Each component was
dissolved in CH>Cl, and sandwiched between two CaF, slides. The characteristic peaks were
noted along with any peaks which altered during the curing process and polymerisation of
the acrylate monomers. FT-IR was then used to monitor the photo-induced polymerisation
and determine the degree of conversion. The FT-IR spectrum of PDV 1635 is presented in
Figure 12, which could then be used to monitor changes of the uncured and cured material,
as well as determining whether peaks corresponding to the methacrylate monomers could be
discerned in the spectra. Figure 13 displays the FT-IR spectrum of the second component.
HPM 502. Each important band was identified and included in Table 1 and Table 2.
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Figure 12: FT-IR spectrum of PDV 1635

Table 1: Wavenumbers of the characteristic vibrations in PDV 1635

Wavenumber / cm™ Responsible vibration

C-H str, Si-Ph

3072

1593 Si-Ph

1410 Si-CH=CH, CH,, in plane

1124 Si-Ph

1087 Si-O stretch, Si-O-Si

1019 Si-O stretch (two bands of almost equal
intensity) Si-O-Si
Si-Ph

842 Si-CHg rocking —Si(CHjs)»
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Figure 13: FT-IR spectrum of HPM 502

Table 2: Wavenumbers of the characteristic vibrations in HPM 502

Wavenumber / cm™ Responsible vibration
3072 C-H str, Si-Ph
3052 Si-Ph
3005 Si-CH=CH, CH,, in plane
2964 C-H str.
2161 Si-O stretch, Si-O-Si

1593 Si-O stretch (two bands of almost equal
intensity) Si-O-Si
Si-Ph
1429 Si-CHs rocking —Si(CHjs).
1261 Si-CHs
1124 Si-Ph
1039 Si-O
906 Si-H
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Figure 14, Figure 15 and Figure 16 display the FT-IR spectra taken of the three methacrylate
monomers BMA, PMA and EGDMA. In order to determine the double bond conversion of the
monomers separately, along with how well the monomers polymerised while present in the
matrix material, the peaks corresponding to C=C stretching vibrations were identified, along
with all characteristic peaks present in the monomers. It was possible to calculate the double
bond conversion using reference peaks and monitoring the decrease in the C=C peaks after
illumination of samples. The characteristic peaks present in the FT-IR spectra of the
monomers are included in Table 3,Table 4 andTable 5.
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Figure 14: FT-IR spectrum of BMA
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Table 3: Wavenumbers of the characteristic vibrations in BMA

Wavenumber cm’

Responsible vibration

3066 C-H stretching (aromatic)
3034 C-H stretching (aromatic)
2958 C-H stretching
1717 C=0 stretching (ester)
1637 C=C stretching (methacrylate)
C=C stretching (aromatic)
1498 C=C stretching (aromatic)
1454 C=C stretching (aromatic)
1403 =CH, def (methacrylate)
1321 =CH rocking (methacrylate)
1318 C-O-C stretching
1159 C-O-C stretching
970 Wagging =CH, (methacrylate)
814 Twisting =CH, (methacrylate)
110
100
S 90
= ]
S 80-
B
% ]
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o .
|_
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40 -
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Figure 15: FT-IR Spectrum of PMA

Wavenumber / cm’
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Table 4: Wavenumbers of the characteristic vibrations in PMA

Wavenumber / cm™

Responsible vibration

3065 C-H stretching (aromatic)
3044 C-H stretching (aromatic)
2960 C-H stretching (CHs)
2928 C-H stretching (CHs)
1735 C=0 stretching
1637 C=C stretching (methacrylate)
1592 C=C stretching
1402 =CH. def (methacrylate)
1310-1071 C-O-R (ester)
110 -
100 -
2
£ 90-
o
‘»
2
E 80
(7]
c
o
= 70
60 -}
50 I I T I T I T I T I
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Wavenumber /cm ™

Figure 16: FT-IR Spectrum of EGDMA
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Table 5: Wavenumbers of the characteristic vibrations in EGDMA

Wavenumber /cm™ Responsible Vibration
3544.81 C=0 (overtone)
2930.21 C-H stretching (CHa)
2960.59 C-H stretching (CHs)
1728.04 C=0 stretching

1638.70 C=0 stretching

1154.81 C-O (ester)

1045.42 C-O (ester)

Following the characterisation of all components, samples were prepared containing the
whole matrix (System A), in order to carry out investigations into the double bond conversion
of the methacrylate monomers inside the matrix, and to monitor the stability of the monomers
during the thermal curing step. Figure 17 and Table 6 include the FT-IR spectrum of System
A, revealing the small but discernable peaks corresponding to the C=C bonds of the
methacrylate monomers.
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Figure 17: FT-IR spectrum of System A: - cross-linked and containing 10 wt-%
monomers (1:1:1, BMA:PMA:EGDMA)
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Table 6: Wavenumbers of the characteristic vibrations in the polysiloxane matrix
containing 10 wt % methacrylate monomers

Wavenumber / cm™ Responsible vibration
3072.38 C-H (aromatic)
3052.35 C=C-H stretching
2161.83 Si-H stretch
1429.63 C=C stretching (aromatic) (Si-Ph)
1261.22 Si-CHjs stretching
1039.16 Si-O stretch (siloxane chain)

4.2.2 Choice of Photoinitiator

In this study, the photoinitiator Irgacure 379 was chosen to be used in the polysiloxane
matrix, due to its already well known efficiency as a two-photon photoinitiator®® and due to its
solubility in the methacrylate monomers as well as the hydride and vinyl terminated
polysiloxane. Irgacure 379 is a highly efficient one-photon photoinitiator, and is designed for
uses in the photopolymerisation of unsaturated pre-polymers, and has a higher solubility
compared to other photoinitiators, making it possible to incorporate into the polysiloxane
resin, with only a slight yellowing being observed. 1:8 wt % of Irgacure 379 was added to the
material, with any remaining undissolved photoinitiator removed during filtering. The structure

of Irgacure 379, as well as a-cleavage of the molecule is presented in Figure 18.
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Figure 18: Photoinitiated Norrish Type 1 cleavage (a-cleavage) of the photoinitiator
Irgacure 379°

4.2.3 Monitoring of the Photo-induced Photopolymerisation using Different
Concentrations of Photoinitiator — FT-IR Spectroscopy
This study was carried out to determine the efficiency of the photoinitiator Irgacure 379. To
determine the optimum concentration of photoinitiator to be used in the polysiloxane material,
FT-IR was carried out on samples containing different concentrations of Irgacure 379. The
standard silicone matrix was made up using 10 wt % methacrylate monomers, with a
ratio1:1:1(BMA:PMA:EGDMA). The three silicone mixtures contained 0.5, 1 and 1.5 wt %
photoinitiator. The samples were diluted in CH,Cl, and drop cast onto CaF, plates. The
silicone matrix was sandwiched between two plates to avoid oxygen getting to the material
during the photopolymerisation. An initial FT-IR measurement was carried out on all the
samples. Each sample was then irradiated using a spot cure lamp (Novacure) for five
minutes. A second FT-IR measurement was then carried out on the samples and the spectra
was evaluated to determine the difference in peak areas of the peak responsible for the C=C
double bond. The percentage of conversion or polymerisation could then be determined from
comparing the area with a reference peak. A reference peak at 1591 cm™ was chosen, which
corresponds to the Si-Ar stretching mode, and is unaffected by the polymerisation process,
so no reduction of this peak is observed. The results including the FT-IR spectra are

presented in Figure 19,Figure 20 and Table 7.
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With increasing amount of photoinitiator; the percentage of conversion increases, with almost
100 % conversion with 1.5 wt %. Between 1.5 and 1.8 wt % Irgacure 379 is added to the
formulation for TPA structuring, which was found to result in good waveguide structures, and
no recrystallisation occurred. Results of structuring experiments using this matrix material

and photoinitiator are included in section 7.

Table 7: Results of double bond conversion of methacrylate monomers using different
concentrations of Irgacure 379

Phorx:h:ﬁator Time of E;Iiadiation Conversion [%)]
0.5 300 58
1.0 300 83
1.5 300 99

58



Transmission / %

T
1650

Wavenumber /cm’’

Figure 19: FT-IR spectra of polysiloxane matrix containing 0.5% photoinitiator-pre
(dashed line) and post UV irradiation (solid line)
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Figure 20: FT-IR spectra of polysiloxane matrix containing 1% photoinitiator-pre
(dashed line) and post irradiation (solid line)
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Figure 21: FT-IR spectra of polysiloxane matrix containing 1.5% photoinitiator pre
(solid line) and post UV irradiation (dashed line)

4.2.4 FT-IR Measurements to Determine the Volatility of Monomers during Thermal
Treatments
An important part of the optical matrix material is the selection and control of the
methacrylate monomers, added to the material and which undergo photoinduced TPA
polymerisation to form the waveguide core. The selection and concentration of methacrylate
monomers used in this study have been previously investigated. However, it needed to be
determined what concentration of monomer remained in the material during the thermal pre
curing, as well as what concentration of monomers remaining following the post thermal
treatment of 100 °C for 24 hours, 40 mbar. This step was performed on the material and all
samples following the TPA fabrication, to essentially stabilise the matrix material and further
increase the refractive index difference between the waveguide core and cladding material.
FT-IR spectroscopy was utilised to calculate the concentration of methacrylate monomer
removal during the thermal pre-treatment, as well then the thermal finishing treatment. The
silicon matrix, including 0.5 wt % photoinitiator, and 10 wt % of the three monomers, PMA,
BMA and EGDMA was prepared and initial measurements were conducted on CaF, plates
with the depth of the layer on the plate measured at 300 ym. This was chosen as TPA
material testing is carried out on film thicknesses in this region. Initial measurements were
taken, and the slides were placed in the oven for 25 minutes at 80 °C. FT-IR spectra were
then taken, and the samples were placed in the oven at 100 °C for 20 hours under vacuum.
Using a reference peak, the peak areas were calculated to determine the decrease in
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monomer content. The results are displayed in Table 8. To monitor the hydrosilylation
reaction, the peak corresponding to the Si-H stretching was also examined, to monitor the

cross linking occurring in the matrix material.

Table 8: Content of monomers removed from the polysiloxane material, following
thermal pre and post treatments

Altered peaks following Reduction following Reduction following
thermal pre-treatment (cm- thermal pre-treatment thermal post-
1) treatment
1639 (C=C str.) 10 68
2159 Si-str. 50 75

During the thermal pre-treatment only around 10 % of the total monomers were removed,
which suggests that a high enough concentration remained in the matrix for the two-photon
photopolymerisation of the optical waveguides. The hydrosilylation reaction could also be
determined using FT-IR, due to the decrease of the peak arising at 2159 cm™, corresponding
to the Si-H bond. Using a suitable reference, a 50 % decrease in the peak was observed
following the pre thermal step, and a 75 % decrease occurred during the post thermal

treatment.

4.2.5 High performance liquid chromatography (HPLC) — Determination of the
Amount of Photoinitiator Remaining Following Thermal Treatments
The photoinitiator Irgacure 379 when present in the matrix material, can lead to clusters or so
called “out blooming”. This effect is shown in Figure 22. Upon exposure to UV light longer
than one week, the small clusters became visible, and inevitably lead to instabilities in the
material as well as affecting the functioning of the waveguides. To confirm the clusters were
formed from the photo induced reaction of Irgacure 379, FT-IR microscopy was performed.
Examples of the spectra are shown in Figure 23. A comparison was made with spectra
collected from the surrounding cladding material, and an obvious peak arising at 1700 cm™ is
observed in the spectra corresponding to the clusters. This peak is due to a photo-cleavage
of Irgacure 379 following illumination. A sample of Irgacure 379 was examined by FT-IR, pre
and post UV illumination, with a peak arising at ~ 1700 cm™ in the illuminated sample.
Following a longer period of illumination, the peak increased in size, confirming the presence
of the peak corresponding to the photo-cleavage product of the photoinitiator. The
photocleavage products of irgacure 379 is shown in Figure 18. The peak in the illuminated
sample of Irgacure 379 is believed to arise from the a-cleavage of the a-aminoalkylphenone,
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with the peak arising from the aryl aldehyde, a product originating from the photoreaction of
the photoinitiator. Due to this phenomenon, an attempt at removing the remaining
photoinitiator and to avoid the formation of clusters was carried out. HPLC coupled with MS
was performed on extracted samples of the matrix material containing Irgacure 379, to
determine which temperatures and conditions were needed to remove any remaining
photoinitiator post TPA structuring. A description of the procedure is included in section 10.1.
The results, presented in Table 9, suggest that the thermal treatments usually carried out on
the polysiloxane matrix material did not remove the photoinitiator; however, a much higher
thermal step removes over 95 %. This was also shown by samples which were thermally
treated at over 170 °C for over 18 hours, forming no visible clusters following prolonged
exposure to sunlight.
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Figure 23: FT-IR microscopy spectra of polysiloxane material (System A) — a
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Figure 24: FT-IR spectra of Irgacure 379 before and after UV illumination

Table 9: Results of HPLC analysis of extracted samples of the polysiloxane matrix,
containing Irgacure 379, following thermal treatments

Treatment of sample Irgacure extracted [mg] % Irgacure detected in
extract
80 °C, 25 minutes 2.3 86.8
100 °C, 20 hours 2.2 74
170 °C 18 hours 0.13 5
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4.3 Characterisation of Material Properties

4.3.1 Thermal Stability of System A - STA

A requirement of the optical matrix material is high thermal stability, due to the processing
steps performed on PBCs. The material needs to be stable at temperatures of over 220 °C,
with no decomposition or discolouration occurring. The matrix material must also be stable,
and remaining methacrylate monomers in the material need to be removed. The removal of
the monomers also leads to an increase in the difference in refractive index between the
waveguide core and cladding. Samples analysed included the silicone matrix containing 10
wt. % of the acrylate monomers with a weight 1:1:1 ratio BMA:PMA:EGDMA. Samples were
prepared in the same way as described in section 4.2 and were measured from 20-300 °C
and heated at 10 K per minute. The results of the analyses can be seen in Figure 25, Figure
26 and Figure 27. The first image displays the results of the analysis carried out on a sample
of the three methacrylate monomers, in a ratio 1:1:1. The results show that by 150 °C nearly
all monomers are removed, however a thermal step of 100 °C may not remove all remaining
monomers from the matrix material. The evaporation of the monomers is a two step process,
with the evaporation of the more volatile monomer PMA first. Figure 26 displays the analysis
of the silicon matrix only. System A remains stable to 200 °C, with only around 8 % weight
loss at 270 °C, suggesting the material will not undergo decomposition during PCB
processing. Figure 27 displays the results for System A, including 10 wt. % monomers
included in the matrix material. At around 60 °C the weight loss began, due to the removal of
the monomers. The largest fraction of the weight loss arose from the evaporation of the
monomers. At 100 °C there was a 2 % weight loss, suggesting approximately one third of the
monomers were removed at this stage. At around 200 °C approximately a 10 % weight loss
was recorded. At 270 °C only a weight loss of 13 % was observed from the whole
polysiloxane matrix. We assume 10 % of this arose from the monomers, giving a 3 % weight
loss from the material. These results show the matrix system is stable up to the required
temperatures. Observing the DSC signal, the exothermic peak seen in Figure 26
corresponds to the cross linking hydrosilylation process, beginning at around 20 °C. In Figure
25 the DSC signal peaks are observed as the monomers began to evaporate. In Figure 27
the DSC signal observed showed a peak at 88 °C, corresponding to the hydrosilylation
reaction. This is known to be the initiating temperature of the cross linking reaction. As can
be observed in Figure 26, the cross linking hydrosilylation reaction is a two step process, and
two endothermic peaks were observed. No exothermic peaks were observed in the analysis
of the polysiloxane matrix; giving a good indication the material is stable.
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Figure 25: STA analysis of monomers only - BMA:PMA:EGDMA = 1:1:1 (by weight)
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Figure 26: STA analysis of hydride / vinyl terminated polysiloxane matrix only
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Figure 27: STA analysis of polysiloxane matrix containing 10 wt % monomers
(1:1:1)

4.4 Removal of Monomers from System A — Gas Chromatography

To improve the stability of the polysiloxane matrix material, the remaining methacrylate
monomers need to be removed following TPA structuring of the waveguides. To determine
the weight percent of monomers remaining after the thermal treatments performed, gas
chromatography was carried out. A detailed description of experimental details is presented
in section 10.

The retention times of the three monomers using the run time of 20 minutes were found to be
9.4 for PMA, 11.7 for EGDMA and 12.2 for BMA. The results can be found in table 10. PMA,
with the highest volatility, was most easily removed during the thermal pre treatment,
followed by EGDMA and BMA. This result was also comparative to the boiling points of the
monomers, with BMA having the highest boiling point of 98 °C. Approximately 33 % of the
monomers remained in System A following the pre thermal treatment. The external
calibration was carried out by using the peak areas against the concentration, and the
internal method was determined by using the peak height ratio against the internal standard
heptane, (normalised peak area = S/IS)

67



Table 10: Weight percentage of each monomer remaining in matrix following pre
thermal treatment of 80 °C for 25 minutes

Method %PMA* % EGDMA* %BMA*

remaining remaining remaining
External 21 34.8 40.8
Calibration
Internal 23.7 37.8 471
Calibration

* With respect to the initial weight concentration in the silicone matrix (%BMA, %EGDMA,
%PMA = 100%)

After two injections of the post thermal treatment sample, no monomers were detected,
showing that the fraction of monomers remaining was less than the detection limit of the gas
chromatograph, and also suggesting that the thermal finishing treatment is an efficient way to
remove all the monomers, and improve the stability of System A. Around 33 % of the
monomers remained following the thermal pre-treatment, a sufficient amount for the two-

photon induced polymerisation to be carried out.

4.5 Improvement of Monomer Performance - Incorporation of Naphthyl
Methacrylate Derivatives

In order to investigate the use of different monomers in the polysiloxane matrix material, two
new monomers, 2-naphthyl methacrylate, and 2 methyl -1 naphthyl methacrylate were
investigated. Naphthyl methacrylate derivatives are commercially available and can be
synthesised in a simple process displayed in scheme 1. Derivatives can be synthesised in
the same way by using derivatives of naphthol and the acid chlorides. Naphthyl monomers
have higher refractive indices than the phenyl and benzyl methacrylates, and so using them
in combination with such monomers it was hoped the refractive index difference between the
cladding and waveguide core could be increased, thus improving the light guiding. The
monomer 2-naphthyl methacrylate was purchased from Sigma Aldrich, and was used to test
the suitability of such monomers in the siloxane material. The monomer dissolved in the
polysiloxane matrix material when a higher percentage of the cross linker EGDMA was used,
as well as BMA and PMA. The material was homogenous and the naphthyl monomer did not
affect the colour or the curing of the polysiloxane material. The second naphthyl derivative, 2
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methyl -1 naphthyl methacrylate was synthesised and also investigated for its suitability in
this matrix material. Details of the synthesis can be found in section 10.

0)
Et;N
+ 3
THF
B3 - naphthol methacryloyl chloride (-naphthyl - methacrylate

Scheme 1: Synthesis of 2 — naphthyl methacrylate

4.5.1 Reactivity of 2 — Naphthyl Methacrylate

To establish the reactivity of 2- naphthyl methacrylate, a sample of the monomer was diluted
in CH.Cl, and FT-IR spectroscopy was carried out to determine the percentage of conversion
by evaluating the peak in the spectrum at 1639 cm™, corresponding to the C=C stretching
vibration of the methacrylate, before and after illumination for 5 minutes. The conversion was
found to be ~ 39 %. This was then compared to PMA, which was treated in the same way, as
this monomer was found to be the most reactive of the methacrylates used. The conversion
of the C=C double bond was found to be ~ 89 % with this monomer, so the reactivity of the
naphthyl derivative was rather lower in comparison. Figure 28 and Figure 29 display the FT-

IR spectra of naphthyl methacrylate and PMA before and after UV illumination.
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Figure 28: FT-IR Spectra of NMA pre and post irradiation
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Figure 29: FT-IR spectra of PMA pre and post UV irradiation

4.5.2 Thermal Stability of 2- Naphthyl Methacrylate

The monomers in the ratio 40 mg BMA, 100 mg PMA, 60 mg EGDMA and 40 mg NMA were
diluted in 2 g CH,Cl, and drop cast onto a CaF; plate. A second plate was placed over the
sample to avoid evaporation of the monomers. An initial FT-IR spectrum was recorded The
sample was then placed in the oven at a temperature of 80 °C for 3 minutes, (as a
comparison to the thermal pre-treatment of baking the samples at 80 °C for 20 minutes to
cure the matrix system). A shorted time was chosen due to the thin layer thickness of the
monomer sample. A second FT-IR spectrum was then recorded, following the thermal
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treatment. The results can be seen in Figure 30. It can be seen that there was no change to
the peak corresponding to the C=C stretching vibration at 1639 cm™, suggesting that the new

monomer was stable and no polymerisation occurred during the thermal pre treatment.
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Figure 30: FT-IR spectra of all monomers in System A following 3 and 6 minutes
baking (80°C)

The new monomer was incorporated into System A, along with the ethylene glycol
dimethacrylate cross linker monomer (EGDMA), to establish primarily, the suitability of the
compound. The light pink solid compound did not dissolve well in System A without a larger
amount of cross linker. At a ratio of 3:1 with the cross linker, a homogenous mixture was
achieved. Three mixtures were prepared, which consisted of 1:1, 2:1 and 3:1 ratio of the
cross linker with the new naphthyl derivative. The samples were then diluted in CH,Cl, and
drop cast onto CaF; plates. An initial FT-IR spectrum was recorded of each slide. The
samples were then illuminated using a Novocure spot lamp for 5 minutes, at 1 minute at a
time. Between each irradiation an FT-IR spectrum was recorded. The polymerisation of the
monomers could then be determined by interpreting the peak responsible for the C=C
vibration at 1639 cm™. Figure 31 below shows an example of the spectra obtained for the
monomer ratio 1:2 NMA:EGDMA.
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Figure 31: FT-IR spectra of illuminated matrix sample with NMA and EGDMA only
(irradiated at 1 minute intervals)

The monomer 2-naphthyl methacrylate required a higher amount of the cross-linker molecule
EGDMA to effectively dissolve in the silicon matrix system, however a ratio of 2:1
EGDMA:NMA showed the highest rate of polymerisation, when monitored by FT-IR
spectroscopy.

A second set of experiments were carried out, in which only the monomers were
investigated, in differing ratios. To establish whether the new naphthyl monomer was
compatible with the existing phenyl monomers, ratios of 1:2:2 = NMA:BMA:EGDMA, 1:2:2 =
NMA:PMA:EGDMA and 1:2:2:2 NMA:BMA:PMA:EGDMA were prepared and dissolved in
CH.CIl,. FT-IR spectroscopy was then carried out on each of the samples before and after
irradiation using a spot cure lamp. The conversion of polymerisation was then determined
using the peak observed at 1639 cm™ corresponding to the C=C stretching vibration arising
from the methacrylates.

4.5.3 Determination of Optimum Monomer Ratio

To determine the ratio of monomers most suited to incorporate into the existing matrix

system and the phenyl substituted methacrylates, the monomers only were dissolved in

ChyCl, in the amounts 40 mg BMA, 100 mg PMA, 60 mg EGDMA and 40 mg NMA. The

amount of the phenyl substituted monomers and the cross linker has to be enough to

dissolve the naphthyl methacrylate sufficiently, whilst the amount of PMA and NMA have to
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be high enough to increase the refractive index change between the core and cladding
material. The monomers were then drop cast and sandwiched between CaF; slides and
initial FT-IR spectrum was taken. The samples were then irradiated for 5 minutes using a
spot cure lamp, and a second FT-IR spectrum was recorded. The results are shown in Figure
32. Using the peak in the spectrum at 1591 cm™, there was found to be ~ 75 % conversion
when using the decrease in the C=C stretching vibration peak at 1639 cm.
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Figure 32: FT-IR Spectra of monomers only pre and post irradiation

A second set of experiments, the same as the last set using only the monomers was carried
out with a higher ratio of NMA to determine whether the rate of polymerisation was affected.
A higher ratio of NMA was used with a slightly lower ratio of EGDMA being used as this
monomer has the lowest refractive index. The amounts used were 40 mg BMA, 100 mg
PMA, 50 mg EGDMA and 50 mg NMA. The sample was treated in the same way as
previously stated and the results can be seen in Figure 33. Using the same standard peak
method as before, a 53 % conversion of the C=C double bond was observed, a slightly lower
amount than with the previous ratio of monomers used. The next set of experiments were
carried out with a higher ratio of NMA again, to establish if a higher amount of NMA would
hinder the polymerisation.
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Figure 33: FT-IR Spectra of monomers only pre and post irradiation, displaying peak
corresponding to C=C stretching vibration

A sample was made up containing 30 mg BMA, 100 mg PMA, 40 mg EGDMA, and 70 mg
NMA. The sample was treated in the same way, and the spectra are displayed below pre and
post irradiation. The conversion was found to be ~ 55 % suggesting there was no hindrance
of the polymerisation due to a higher amount of NMA present.

Post 5 min irradiation

/

90

T

55 % conversion
85

Transmission / %

/

Pre irradiation

80

T T T T T
1660 1640 1620
Wavenumber / cm”

Figure 34: FT-IR Spectra of monomers only pre and post irradiation, displaying peak
corresponding to C=C stretching vibration
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4.5.4 Incorporation of 2-Naphthyl Methacrylate into System A

It is predicted that when the monomers are incorporated into the polysiloxane matrix system,
an inhibiting effect of the polymerisation of the monomers can occur, so it needed to be
established whether sufficient polymerisation occurs when the monomers are added to the
matrix. Two experiments were carried out to determine the polymerisation of the monomers,
by using either 8 or 10 wt. % of the monomers in different ratios. For the first study, 10 wt. %
monomers were used in the amounts 40 mg BMA, 100 mg PMA, 60 mg EGDMA and 40 mg
NMA. The matrix system was made containing 1.8 wt % of the photoinitiator Irgacure 379.
The sample was then diluted in CH,Cl, and sandwiched between two CaF, plates. An FT-IR
spectrum was taken before and after 5 minutes irradiation with a Novacure spot cure lamp.
The results showed that after 5 minutes irradiation, no visible peak was observed at 1639 cm’
' showing that a high double bond conversion had taken place. Due to these findings a
second sample was made containing 8 wt. % monomers in the same ratio as before but
using only 1 wt. % of the photoinitiator. These experiments also showed a high level of

conversion, with no visible peak observed at 1639 cm™

Further investigations were then carried out with a higher amount of the naphthyl monomer
already investigated using the monomers only. 10 wt. % monomers in the amounts 40 mg
BMA, 100 mg PMA, 60 mg EGDMA and 70 mg NMA were included in the polysiloxane
matrix system, with 1.8 wt. % photoinitiator Irgacure 379. The material was dissolved in
CHJCIl, and FT-IR was carried out before and after 5 minute irradiation. The double bond
conversion was found to be ~ 83 %. The results can be seen in Figure 35.
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Figure 35: FT-IR spectra of System A containing 10 wt: % monomers (higher ratio
NMA) pre and post 5 minute irradiation

4.6 Synthesis of 2 Methyl -1 Naphthyl-Methacrylate

A second naphthyl methacrylate monomer, 2-methyl-1naphthyl-methacrylate was
synthesised. The monomer was incorporated into the matrix material, to determine whether it
is possible to increase the refractive index contrast between the cladding and waveguide
core. The newly synthesised monomer, along with 2-naphthyl methacrylate, was added to
the matrix material, along with benzyl and phenyl methacrylate, and various
photopolymerisation experiments were carried out, in order to improve the quality of the
waveguides. A detailed description of the synthesis is described in section 10.3.

The naphthyl derivative was dissolvable in System A, and was compatible with other
naphthyl monomers, as well as phenyl and benzyl methacrylate. Further experiments were
not performed due to the development of System B, described in section 5, which performed
better during structuring experiments.

4.7 Conclusion

In this chapter the development and characterisation of a polysiloxane material, consisting of
hydride and vinyl terminated dimethyl diphenyl polysiloxanes, cured via the hydrosilyation
reaction, in the presence of a Pt catalyst was presented. This material was developed in
earlier studies, but was fully characterised and optimised here, in order to be able to be used
as an optical matrix material, with which to fabricate three dimensional optical waveguides
via TPA. The thermal stability, chemical inertness, and compatibility with high refractive index

methacrylate monomers as well as the photoinitiator Irgacure 379, deem the material
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suitable for this purpose. The material processing is quick with the refractive index of the
cladding material and polymethacrylate waveguide core being sufficient to produce optical
waveguides. Details of refractive index measurements can be found elsewhere.”® Naphthyl
acrylate monomers were also incorporated into the material, yielding good results in
polymerisation experiments; however the lower volatility deemed such monomers unsuitable
due to the difficulties in removing the remaining monomers. The newly developed matrix
material used in two-photon experiments, including material testing and eventual
development of optical interconnects consisting of specially designed printed circuit boards.
The results are presented in Section 7.
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5 Characterisation of an Optical Material Developed from Epoxy Terminated
Polysiloxane Cross linked with a Diamine (System B)

5.1 Introduction

As part of the investigation towards a new optically transparent, flexible matrix material, a
number of epoxy functional silicones were investigated for their application in this field.
Optimum performances of epoxy resins are obtained by cross linking the epoxy with the
curing agents being either catalytic or co-reactive. Catalytic curing agents function as an
initiator for epoxy resin homo-polymerisation. With co-reactive curing agents, the agent acts
as a co-monomer in the polymerisation process. The curing agent reacts with the epoxy and
pendant hydroxyl groups on the resin backbone, by either an anionic or cationic mechanism.
Epoxy resins are characterised by the three membered ring known as the epoxy, epoxide,
oxirane or ethoxyline group. Epoxy resins generally contain aliphatic, cycloaliphatic or
aromatic backbones, and can react with a variety of substrates. Attractive properties of epoxy
resins include high chemical and corrosion resistance, good mechanical and thermal
properties, good adhesion, low shrinkage upon curing, flexibility, good electrical properties,
and ability to be able to be processed under a variety of conditions®®. Epoxy functional
silicones undergo cross linking reactions with amines, producing cured coatings with variable
properties, depending on the epoxy content, degree of substitution and the ring opening of
the epoxy group to form diols.

Epoxies are known to undergo cross linking reactions with amines, which are the most
diverse group of epoxy curing agents. The resulting properties of the final cross-linked
material are dependent on the type of crosslinker, substitution of the polymer backbone and
ratio of epoxy to amine compound. A number of epoxy materials and diamine compounds
have been investigated to form polymeric networks for optical waveguide applications®®%*,
however the use of such materials for the applications in TPIP have not yet been reported in
detail. Epoxy functional silicones are used in various curing systems, and exhibit good
flexibility and high temperature resistance. The epoxy-alkyl functionality reacts with amine
functional groups, without the need of catalysts, to give materials which exhibit good thermal
and mechanical properties.
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Figure 36: An example of an epoxy polymer cross-linked with a diamine compound

As already discussed, the material has to withstand high temperatures, be compatible with
existing PCB materials and processes, as well as form thin films with good adhesion. Epoxy
resins are known for their high thermal stability and durability, so a number of epoxy
terminated polysiloxanes were investigated for their suitability. The developed matrix material
needed to be compatible with a selection of high refractive index acrylate monomers, which
were dissolved in the matrix material, along with a specific two-photon photoinitiator. The
next sections describe in detail the acrylate monomers and photoinitiators used. An epoxy-
propoxy terminated poly(dimethyldiphenyl siloxane) was chosen due to its optical properties
and speed of curing with an aminopropy! disiloxane as a matrix material. The aminopropyl
disiloxane crosslinker was chosen due to the length of the chain giving the final cross-linked
network flexibility. Once a suitable curing method had been developed, three different high

refractive index acrylate monomers were dissolved in the polymeric material.

5.2 Choice of Amine Crosslinker

The curing process of epoxies involves the formation of a rigid insoluble and infusible three

dimensional network. The properties of the final product are important, and can be modified

by changing the quantity and type of crosslinker. The epoxy equivalent weight (EEW) is one

of the most important features of epoxy resins, and by knowing this value, the correct amount

of the cross linking agent can be calculated. EEW is defined as the weight of resin in grams,

which contains 1 g of the equivalent. When the amine hydrogen equivalent weight (AHEW) is
80



also known, the amount can be calculated using a simple equation. Taking an amine
compound with a molecular weight of 146, shown in Figure 37, and a hydrogen functionality
of 6, then the AHEW is:

146/6 = 24 g/ eq

The amine content = 1000/24 = 42 eq/ kg

Using the equation below, which gives you the amount of hardener needed: (for 100 g of
epoxy resin)

100 x AHEW

EEW

Shown as an example, to cure 100 g of an epoxy resin, with an EEW of 200 g/ eq, one
would need:

24 x 100
200 - 129

(HNCH,CHNHEHNHEH,CHoN)

Figure 37: Diamine compound showing its functionality of 6
5.3 Acrylate Monomers

The monomers used in combination with the developed matrix material must not be too
volatile during the handling, so a sufficient amount remains in the material for TPA fabrication
of waveguides to be performed; but must however have a certain degree of volatility to be
able to be removed following exposure. Three acrylate monomers were investigated and
chosen due to their high refractive indices, their high rates of polymerisation, and the volatility
of the monomers enabled them to be removed from the material following TPA. The three
monomers used were phenyl acrylate (PA), benzyl acrylate (BA) and 1,3 butanediol
diacrylate (BDA). PA and BA were chosen due to their high refractive indices of > 1.5, and
high volatilities. As with the previous material investigated, BDA was chosen as a cross
linking component, in order to form an effective interlinking network of the polymerised
acrylates in the waveguide core. The three monomers are displayed in Figure 38. The
monomer ethylene glycol phenyl ether acrylate was also used in some experiments instead
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of phenyl acrylate; however the lower volatility made this monomer more difficult to remove
from the matrix material following TPA structuring, so for waveguide fabrication experiments,

PA was the preferred monomer.
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Figure 38: Structures of benzyl acrylate (BA), 1,3 butane dioldiacrylate (BDA) and
ethylene glycol phenyl ether acrylate (used in some experiments as a substitute for
phenyl acrylate)

5.4 Two-Photon Photoinitiator
Due to the nature of the curing of the hydrosilylation reaction, used in System A it was not
possible to use a specific two-photon photoinitiator like N-DPD, developed and synthesised

at the Technical University of Vienna, in the research group of Prof. R. Liska®*®

. The triple
bond present in the photoinitiator proved to be more unstable than the double bond of the
vinyl terminated siloxane in the presence of the Pt catalyst, will react with the vinyl group,
leading to a breakdown of the chromophore. However, the epoxy diamine curing mechanism
does not affect the photoinitiator in any way, so N-DPD was chosen to be used in this study,
due to its extremely good two photoinitiating properties in TPA experiments.®” N-DPD also
functions well in the photopolymerisation of acrylate monomers, with the butyl derivative of
the photoinitiator aiding the solubility in polysiloxanes. N-DPD has exceptional properties
based on its conjugated Tr-electron system amplified by the dimethylamine groups resulting
in the absorption maximum (An.x = 435 nm) at a wavelength suitable for two-photon

applications. For our structuring investigations, the non-modified and the butyl derivative
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were used, with both photoinitiators performing well. 1t was found however, that the butyl
derivative gave the matrix material an orange appearance, leading to concerns about the
optical losses of the waveguides in the region of 840 nm.

Bu,N NBu,

Figure 39: Two-photon photoinitiator N-DPD (butyl derivative)

5.5 Development of System B

To develop System B, an epoxypropoxypropyl terminated siloxane was cross-linked with a
suitable diamine compound. Epoxypropoxypropyl terminated poly(phenylmethyl siloxane)
and 1,3-bis(3-aminopropyl)tetramethyldisiloxane were both obtained from ABCR GmbH
(Germany), and used without further treatment (Figure 40). Benzyl acrylate (BA), purchased
from Alfa Aesar, and phenyl acrylate (PA) purchased from Polysciences were used as
monomers, due to their high refractive indices of 1.52 and high volatility, which enabled
removal following the TPA process. A third acrylate monomer, 1,3 butanediol diacrylate
(BDA), obtained from Sigma Aldrich, was used as a cross linking monomer and formed a
polymerised network following the photo-induced polymerisation. The resin was prepared by
adding the amine to the epoxy, mechanical mixing for 20 minutes, and then heating the
mixture at 80 °C for 1.5 hours, so a workable consistency was achieved. Following a 1.5 hour
pre curing phase the acrylates could be added to the resin, which could then be spread onto
substrates and a final curing could be applied. This is carried out at 50 °C for ~ 10 hours. All
components were characterised by FT-IR spectroscopy.

The specific two-photon photoinitiator 1,5-bis(4-(dimethylamino)phenyl penta-1,4-diyn-3-one
(N-DPD), was utilised for all TPA experiments, and was developed and synthesised
externally* . In all experiments, material mixtures based on the correct epoxy equivalent
weight and number of active hydrogen equivalent weight were prepared. 10 wt. % acrylate
monomers (in total) were added to the epoxy / diamine matrix material with a ratio 1:1:1 by
weight. In order to obtain homogeneous and dust free layers, the components were mixed
thoroughly and filtered using a 0.45 uym PTFE syringe filter. Following the sample
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preparation, thin films were prepared by scraping the material onto substrates to give film
thicknesses of between 300 and 500 pm.

A/\@S‘i/ O\Si/ O\iiﬁo/\A
| |

2

| o
HzN/\/\T/ bt e e

Figure 40: Structures of epoxypropoxypropyl terminated poly(phenylmethyl siloxane)
and 1,3-bis(3-aminopropyl)tetramethyldisiloxane

5.6  Characterisation of Components in System B
5.6.1 Epoxy / Diamine Curing — FT-IR Spectroscopy

Each component used in the development of System B was characterised by FT-IR
spectroscopy, in order to follow the curing and polymerisation of the selected acrylate
monomers. To follow the curing, the samples were drop cast onto CaF; plates and an FT-IR
spectrum was recorded before, and at regular intervals for 72 hours, at ambient temperature.
The matrix material was developed using polyphenylmethyl siloxane, epoxypropoxy propyl
terminated (Epoxy —Eq/kg = 3.6-4.0, MW = 500-600) cross-linked with 1,3-bis(3-aminopropyl)
tetramethyl-disiloxane (amine hydrogen equivalent weight = 62.13 (MW = 248.52). The
components cured to a clear solid resin and the FT-IR showed the formation of a large,
broad peak forming at ~ 3400 cm™ corresponding to the OH stretching vibration, which is
formed after the opening of the epoxy ring. The increasing broad stretching vibration
observed at ~ 3420 cm™, arising from the formation of the alcohol functional group following
ring opening was observed, and can be seen in Figure 41. Table 11 includes a description of
the characteristic peaks present in the spectra.
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Figure 41: FT-IR spectra of epoxy/diamine matrix material pre and post curing

Table 11: Characteristic bands observed in FT-IR spectra of epoxy-diamine matrix
material

Characteristic bands (cm ™) Responsible vibration
1023 (Si-O-Si),
1095 (Si-O-Si),
1596 N-H deformation
1095 C-N stretching
1261 Epoxide C-O str
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Figure 42: FT-IR spectra following the increase in the broad OH str. at ~3420 cm"
formed following ring opening

5.6.2 FT-IR Spectroscopy of Components Present in System B

Following the development of an epoxy / diamine matrix material, curing was optimised by
investigating different temperatures for different periods of time, in order to achieve a gel like
consistency and then a flexible material. In the next sections the FT-IR spectra of each of the
components is displayed, along with tables to display the characteristic peaks present. The
spectra of the acrylate monomers were used to monitor the removal during thermal steps, as
well as the stability and rate of polymerisation. Figure 43 and Table 12 display the spectrum
and description of the characteristic peaks from 1,3 bis-(aminopropyl) tetramethyldisiloxane,
which were used to monitor the cross linking.
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1,3 bis- (aminopropyl) tetramethyldisiloxane

A number of amine cross linkers were investigated and used to cure the epoxy polymer,
however due to the toxicity of such compounds, a number of them were unsuitable. 1,3 bis-
(aminopropyl) tetramethyldisiloxane was chosen as it is a low toxicity liquid, and formed
flexible films when used as cross linker. It was not possible to observe the decrease of the

peak in the FT-IR spectrum of the NH bond, due to the peak corresponding to OH groups
forming.
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Figure 43: FT-IR spectrum of 1,3-bis (aminopropyl) tetramethyl disiloxane

Table 12: Characteristic peaks present in the FT-IR spectrum of 1,3-bis (aminopropyl)
tetramethyl disiloxane

Characteristic bands (cm ™) Responsible vibration
1056 (Si-O-Si)
1253 Si-CHs
3366, 3294 N-H stretching
1594 N-H deformation
1056 C-N stretching
1467 C-H deformation
1175 C-C deformation
2955, 2924, 2867 C-H stretching
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Epoxypropoxypropyl siloxane

The epoxy functional silicone has a viscosity of 15-30, a molecular weight of 500-600, and a
molar % (epoxy equivalent weight, eq/kg) of 3.6-4.0. An FT-IR spectrum was recorded to
characterise the major functional groups in the silicone. The important functional group peaks
and FT-IR spectrum are recorded in Figure 44 and Table 13.
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Figure 44: FT-IR spectrum of epoxypropoxypropyl siloxane

Table 13: Characteristic peaks present in the FT-IR spectrum of ,3-bis (aminopropyl)
tetramethyl disiloxane

Characteristic bands (cm ™) Responsible vibration
1043, 1123 (Si-O-Si)
1258 Si-CH3 symmetric deformation
1258 C-O stretch (epoxy)
3002 CH, stretching (epoxy)
3050 CH stretching (epoxy)
1479 C-H deformation
1187 C-C deformation
3070, 3050 CH aryl bonds, stretching
1618, 1592 C-C stretching (aryl)
2957, 2982, 2870 C-H stretching
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Benzyl 2-ethyl acrylate
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Figure 45: FT-IR spectrum of benzyl 2-ethyl acrylate

Table 14: Characteristic peaks present in the FT-IR spectrum of benzyl acrylate

Characteristic bands (cm ™) Responsible vibration
1631 C=C stretching
1718 C=0 stretching
1155 C-C deformation
3091, 3066, 3034 CH ring bonds, stretching
1631 C-C stretching (aryl)
2969, 2939, 2880 C-H stretching (aliphatic)
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Ethylene glycol phenyl ether acrylate
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Figure 46: FT-IR spectrum of ethylene glycol phenyl ether acrylate

Table 15: Characteristic peaks present in the FT-IR spectrum of ethylene glycol phenyl
ether acrylate

Characteristic bands (cm ™) Responsible vibration
1636, 1619 C=C stretching
1726 C=0 stretching
1154 C-C deformation
3064, 3041 CH ring bonds, stretching
1636 C-C stretching (aryl)
2929, 2954, 2878 C-H stretching (aliphatic)
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1,3-butanediol diacrylate

This acrylate monomer has a slightly lower refractive index of 1.45, but is to be used as the
cross linking monomer and forms a well structured cross linked network, forming the
waveguide core. As can be seen with all the spectra of the acrylate monomers, the peak
corresponding to the C=C stretching vibration is clearly visible, aiding the monitoring of the
double bond conversion under UV irradiation.
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Figure 47: FT-IR spectrum of 1,3 butanediol diacrylate
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Table 16: Characteristic peaks present in the FT-IR spectrum of 1,3 butanediol
diacrylate

Characteristic bands (cm ™) Responsible vibration
1637, 1620 C=C stretching
1725 C=0 stretching
1154 C-C deformation
1274 C-O-C asymmetric stretching
2937, 2981, C-H stretching (aliphatic)
1296 -CH=CH, (CH stretch of CHy)

5.6.3 Investigation into the Incorporation of Acrylate Monomers into System B

Once the epoxy silicone material had been cured and a workable consistency had been
achieved, the three acrylates previously mentioned, were incorporated into the material after
the “pre-gelation” phase. To determine the best ratio of the three monomers to be used in
system B, FT-IR spectroscopy was carried out. The monomers, in different ratios were
stirred, drop cast and sandwiched between CaF; plates. An initial FT-IR spectrum was taken,
followed by a 2 minute irradiation using a Novacure spot cure lamp. Polymerisation was
determined by observing the decrease in the C=C stretching vibration in the spectra, seen at
~ 1639 cm . The results of the total double bond conversion, using different ratios of
monomers is presented in Table 17.

Table 17: Results of % polymerisation using different acrylate monomer ratios

Ratio of monomers Double bond conversion [%]
(BA:PA:BDA)

1:1:1 95

1:1:2 96

1:2:3 97

2:2:1 ~100 % ( no peak observed)
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Figure 48: FT-IR analysis of monomer ratio; analysis of C=C bond pre and post
irradiation

The results of the FT-IR investigations suggest that a higher proportion of the benzyl and
phenyl acrylate monomers lead to a higher rate of polymerisation, however all ratios resulted
in over a 95 % polymerisation. For the preliminary structuring investigations, a ratio of 1:1:1
acrylate monomers were added to the epoxy silicone system.

5.6.4 Investigation into the Stability of Acrylate Monomers in System B

To determine the stability of the acrylates during the curing stage and whether polymerisation
occurred at slightly elevated temperatures or during the storage of the material, FT-IR
spectroscopy was carried out. The acrylate monomers, in a ratio 1:1:1 (1,3 butanediol
diacrylate: ethylene glycol phenyl ether acrylate: benzyl -2-ethyl acrylate) were mixed
together in a glass vile, and drop cast and sandwiched between two CaF, plates. An initial
FT-IR spectrum was recorded and the samples were then placed in the oven at 70 °C for
three hours. A second FT-IR spectrum was recorded, and the peak observed at ~ 1636 cm’
was monitored, to determine whether any polymerisation had taken place. The sample was
then stored at room temperature for one week in the dark, to determine whether the
monomers are stable under these conditions. The results are displayed in and reveal, even

after calculating the difference in the size of the peak corresponding to the C=C bond at 1637
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cm ', that no polymerisation of the monomers occurred, however some of the monomers
evaporate from the material during the thermal treatments.
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Figure 49: FT-IR spectra of acrylate monomers (PA:BA:BDA) during thermal treatment
and storage for 3 days

5.6.5 Investigation into the Polymerisation of Acrylate Monomers in System B — FT-IR
Spectroscopy

The acrylate monomers, once included into the epoxy silicone resin, were analysed by FT-IR
spectroscopy in order to determine whether the rate of polymerisation was hindered. The
silicone matrix was mixed together in a glass vial along with a 1:1:1 ratio of monomers and
0.01 wt. % of the photoinitiator N-butyl NDBD. It should be noted here that N-DPD is not an
efficient one-photon photoinitiator, and it was therefore expected that the double bond
conversion would be lower than when the photoinitiator Irgacure 379 was utilized. The
sample was protected from the light, mechanically stirred and drop cast and then
sandwiched between two CaF, plates. Initial spectra were recorded and are displayed in
Figure 50. The sample was then irradiated in two minute intervals with a spot cure lamp. The
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results of the double bond conversion are displayed in Table 18. It appeared, that although
the conversion of the C=C double bond was found to be less when the acrylate monomers

were included in the epoxy silicone material, after four minutes of irradiation, a 70 %
conversion was achieved.

Table 18: Results of % polymerisation of acrylates incorporated into epoxy silicone
resin

Polymer ratio Time of irradiation [s] Conversion [%]
1:1:1 120 44
1:1:1 240 70

—— pre irradiation
post 2 min irradiation
\//\\J_f post 4 min irradiation

o/

*
c C=C str. vib. at
o -1
7 1637 cm
D 80+
£
n
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Figure 50: FT-IR spectra of acrylate monomer double bond conversion, using N-DPD
as photoinitiator
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5.7 Rheology Measurements — Determination of Epoxy / Diamine Curing

5.7.1 Introduction

In order to study the curing characteristics of System A, a number of rheological
measurements were performed. The instrument utilised was an Anton Paar Physica cone-
plate rheometer which allows thermostatted operation. The material could therefore be
monitored from starting state to the fully cured resin, measuring the storage and loss
modulus as well as the complex viscosity.

Rheology measurements can be carried out to perform material characterisation, due to the
fact that flow behaviour is responsive to properties such as molecular weight and molecular
weight distribution. In this case, the measurements were used to follow the course of the
curing reaction during the thermal treatment. The cone-plate geometry used allowed an
absolute viscosity measurement with a precise shear rate and shear stress information. Only
a very small sample volume was required, and the temperature was accurately controlled. A
detailed description of the principles of rheology is found in Section 10.

5.7.2 Results

All samples were made directly before the analysis took place, and were carried out with the
same parameters. The measurements were performed to determine the speed of cross
linking between the epoxy polymer and the diamine compound. The time and temperature
dependence measurements were carried out over a period of 200 minutes, heating the
sample from 20 °C up to 80 °C, with the sample being held at 80 °C after 80 minutes. During
this measurement, the storage modulus, which reflects the elastic behaviour, and the loss
modulus, which reflects the viscous behaviour of the system, was measured. The point in
which the storage and loss modulus cross, is the gelation point and from Figure 51, it is clear
this point is reached around 40 minutes from when the acrylate monomers are incorporated
into the system. In Figure 51 G is the storage modulus and G is the loss modulus. The final
consistency of the material is not overly affected by the addition of the acrylate monomers,
however the sample including the acrylates appears to have a more gel like consistency.
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Figure 51: Time dependence plot depicting the difference in curing times of the pure
epoxy siloxane matrix compared to the sample containing 12 wt.% acrylate monomers
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Figure 52: Temperature dependence plot including complex viscosity and loss
modulus of pure epoxy siloxane matrix and matrix including acrylate monomers
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5.8 Investigation of the Stability of System B by Simultaneous Thermal Analysis
(STA)

5.8.1 Introduction

To determine the thermal stability of the epoxy resin, with and without the acrylate monomers
present, STA was carried out on the fully cured resin. Samples of the resin were made up
and fully cured including and omitting the acrylate monomers. STA measurements were
applied to investigate the thermal stability of System B, along with establishing how easily the
acrylate monomers can be removed from the cured material following TPA structuring. Three
samples based on the epoxypropoxypropyl terminated polyphenylmethyl siloxane and 1,3-
bis(3-aminopropyl)tetramethyl-disiloxane polydimethylsiloxane in a molar ratio of 1:1 were
prepared. Whereas one sample was made without any additional monomers, the other
samples contained 10 wt.% of the acrylate monomers 1,3 butanediol diacrylate, benzyl
acrylate and phenyl acrylate, in a ratio of 1:1:1. The curing of the samples was performed at
50 °C for 20 hours. A final curing at elevated temperature and under vacuum (80 °C/20 h / 40
mbar) was carried out on one sample. The measurements were performed using a heating
rate of either 10 K/min or 2 K/min.

The test conditions were identical for the TG and DSC signals, (same atmosphere, flow rate
and heating rate) so the analysis of the signals is improved as the information concerning the
sample behaviour is simultaneously available. The differentiation between phase

transformation and decomposition can be simultaneously monitored.

5.8.2 STA of Cured System B

First samples included the epoxypropoxypropyl terminated polyphenylmethyl siloxane and
1,3-bis (3-aminopropyl) tetramethyl-disiloxane polydimethylsiloxane in a molar ratio of 1:1.
One sample was prepared without adding any monomer or photoinitiator, and the second
sample included 10 wt. % of phenyl acrylate and 1 wt. % of the photoinitiator Irgacure 379.
STA measurements were performed within a temperature range of 20 °C to 300 °C. Thermal
stability of the silicone matrix was observed up to 300 °C. In case of the sample which
included the monomer and the photoinitiator the evaporation of the incorporated phenyl
acrylate starting at 130 °C was observed, displayed by the decrease of the corresponding
TGA signal. The overall weight loss of the sample at 300 °C was 8 wt. %, which is attributed
to the removal of the monomer phenyl acrylate by the thermal treatment, shown in Figure 53.
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Figure 53: TGA and DSC Signals of the performed STA measurements showing the
epoxy siloxane matrix only (black line) and epoxy siloxane matrix containing 10 wt. %
acrylate monomer and 1 wt. % photoinitiator Irgacure 379

5.8.3 STA of System B - Comparison of Different Heating Rates

A second set of experiments were performed which included 10 wt. % of the chosen
monomers ethylene glycol phenyl ether acrylate, benzyl acrylate and 1,3 butanediol
diacrylate. These measurements were carried out at the same conditions as the previous, as
well as a slower heating rate of 2 K per minute as a comparison. The results showed that at
300 °C there was a weight loss of 9 % with the sample which was heated at a faster rate of
10 K per min, and 12 % loss was seen with the sample heated at a slower rate of 2 K per
min. The results of these measurements are displayed in Figure 54. The matrix once again
showed good thermal stability, with only a small weight loss arising from the matrix seen in
the slower heated sample.

99



E 220°C
e
\\\
4
Weight loss analysis at 220 ° C, matsix including 10 wt. %6 acrylates N
1 (heatingrate 10 K per min)~4 % \\
.| Heating rate of 2 K permin -~ 7 % ey

AT&S-R&D-CCLaboratory: METTLER

Figure 54: TGA signal of the performed STA measurement showing the epoxy siloxane
matrix containing 10 wt.% acrylate monomers with a slower heating rate of 2 K/ min,
(black line) and the same sample heated at a faster rate of 10 K/ min (red line)

5.8.4 STA of System B - Comparison of llluminated and Non-llluminated Material

Further measurements were carried out on the epoxy siloxane matrix, with 10 wt. % acrylate
monomers and 1 wt. % photoinitiator Irgacure 379, following irradiation. The results are
displayed in Figure 55. The epoxy matrix, after being applied to optical glass slides and
cured, was irradiated using a spot cure lamp. One sample was irradiated for 5 minutes and a
second sample for 10 minutes. The samples, along with a third non-irradiated sample were
measured under the same parameters as previous experiments, and showed that the
irradiated samples displayed only a 10 % weight loss, whereas the non-irradiated sample
showed a weight loss of 17 % after heating to 300 °C.
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Figure 55: TGA and DSC signals of the performed STA measurements showing the
epoxy siloxane matrix containing 10 wt. % acrylate monomers with a heating rate of 10
K / min Black line represents the sample irradiated for 10 minutes; red line represents
samples irradiated for 5 minutes, and blue line represents the non-irradiated sample
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5.8.5 STA of System A - Comparison of Thermal Finishing Treatments

A final set of STA measurements was carried out to compare different heating rates, and
also to compare the pure matrix, and matrix containing acrylate monomers. The results are
displayed in Figure 56. A summary of each result is described below. The samples labelled
1-4 represent the following:

1) (black line) epoxy and amine only, 50 °C for 20 hours (normal curing of sample)

The sample showed a loss of only ~3 % up to 300 °C and a loss of 5 % when analysed at a

slower heating rate of 2 ° C per minute. The small weight loss was seen after a temperature

of 200 °C in both cases.

2) (red line) epoxy amine system including 10 wt. % acrylate monomers. 50 ° C for 20
hours (normal curing of sample)

The sample showed a 10 % loss at 300 °C, corresponding to the loss of the acrylate
monomers, and in comparison with the sample containing no acrylates, and at a faster
heating rate, the sample showed a weight loss of around 12 %, which is comparable to
sample containing no acrylates. The DSC signal showed an endothermic peak only in the
fast heating rate analysis, observed at around 70 °C, attributed to the loss of the acrylate
monomers.

3) (blue line) Epoxy amine system including 10 wt. % acrylate monomers (50 °C for 20
hours (normal curing of sample) plus a 20 hour post thermal treatment in an open system).
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This sample showed the same behaviour as the sample which had not undergone the post
thermal treatment, with a loss of around 12 % up to 300 °C, and the sample heated at a
slower rate of 2 °C per minute, showed the biggest weight loss of all the samples, of 15 %.
The weight loss from this sample also started slightly earlier, at around 120 °C, which can be
attributed to the acrylate monomer loss.

4) (green line) epoxy amine system only (50 °C for 20 hours (normal curing of sample)
plus a 20 hour post thermal treatment in an open system).

This sample showed only a loss of 2 % at a temperature of 300 °C when heated at a faster
rate. When heated at 2 °C per minute, the sample showed a weight loss of around 5 %.
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Probe: TGA_sample 01 _10K/min, 3,8835 mg
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Epcey-amine + 10 wt. 9 actidates | pre-cwred + post baking
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Figure 56: TGA signal of the performed STA measurements showing the epoxy
siloxane matrix only, (black and green lines) and containing 10 wt. % acrylate
monomers (red and blue lines)

The results showed that the matrix was stable up to 220 °C, including after the post thermal
treatment, of 80 °C for 20 hours. The sample containing 10 wt. % acrylates however, still
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showed a 10 % loss, suggesting that a higher temperature is needed to remove the

remaining monomers from the matrix.

5.9 Determination of Monomer Loss During Thermal Treatments — Headspace Gas
Chromatography

5.9.1 Introduction

Headspace gas chromatography is an analytical technique used to analyse volatile
components in solids, liquids and gases. The method was chosen to determine the amount
of acrylate monomers present in System B. There has to be a high enough concentration
present in the matrix material for the TPA structuring to occur successfully. However
following the patterning, the remaining acrylate monomers need to be removed from the
surrounding cladding material for an effective refractive index difference between the
waveguide core and surrounding cladding, and also to stabilise the material itself. The aim of
these sets of experiments was to establish the concentration of each of the three chosen
monomers present in the matrix following different stages of curing, as well as thermal
treatments to drive out the remaining monomers following TPA structuring. The headspace is
the gas space in the chromatography vile above the sample, and so can be used to analyse
the components in a gas, such as volatile components in solid samples. A common
application includes the analysis of monomers in polymers, hence why this analysis was
chosen for this application. Headspace GC works best using light volatiles that can be
efficiently partitioned into the headspace gas volume from the solid matrix sample. This
method can therefore detect the amount of remaining acrylate monomers in the epoxy-amine
cured thin films. An advantage of this method, is that the thin films can be placed directly into
vials, and analysed, avoiding too many steps during preparation and extraction, leading to
loss of the monomers. Experimental details are described in section 10.
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5.9.2 Results

Sample 1: 50 °C curing, 20 hours: stored for 1 week at ambient conditions

Benzyl acrylate

For the analysis, all samples contained 3.3 wt. % of each monomer in the epoxy-amine
matrix, therefore when 3.3 % of the monomer remains in the material, it can be said that 100
% of the original amount of monomer still remains in the matrix. The final column in the table
states the overall percentage removed, as this is the information most beneficial to this
investigation.

The first sample, cured at only 50 °C for 20 hours under closed conditions, showed a very
high concentration of benzyl acrylate was still present. A value above the 5 wt. % calibration
curve, indicating this pre curing step removes only a small amount of the monomer. From
extrapolating the calibration, the percentage of the monomer remaining in the matrix was
found to be 2.8 %

1, 3 butanediol diacrylate

In the case of 1, 3 butanediol diacrylate, a smaller peak area was observed, but still above
the amount detectable by the calibration. From extrapolation, the result showed that the
weight percentage of monomer remaining in the matrix was found to be 3.3, indicating no
monomer is removed during the mild curing process and stored in at ambient conditions for a
prolonged period.

Ethylene glycol phenyl ether acrylate

The amount of ethylene glycol phenyl ether acrylate was only slightly above the calibration
measurements, the results show 1.8 wt. % of this monomer was still present in the matrix.
This amount seems to be slightly misleading, as this acrylate monomer has the highest
boiling point of all the monomers, so it should be seen that more of this monomer remains,

the calibration may therefore have to include the decomposition compound phenoxyethanol.

Sample 2: 80 °C, 40 mbar, and 20 hours:

Benzyl acrylate

After a thermal treatment of 20 hours, at 80 °C, 40 mbar, a high percentage of benzyl
acrylate is removed from the epoxy matrix. The calibration reveals that only 0.2 wt. % of the
monomer remains, suggesting that ~ 95 % of the original amount of monomer is removed at
this temperature.

1, 3 butanediol diacrylate

This monomer, being a larger acrylate, is difficult to remove from the epoxy-amine material,
with 34 % of the original amount of added monomer still remaining after the thermal step.
Ethylene glycol phenyl ether acrylate
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The phenyl acrylate monomer appears to be removed more easily than the other two
acrylate monomers, however it should be noted that this result can be due to the fact, that
even during the 2.5 hour heating step of the samples, it is possible that not all of the
monomer was volatised, which would give a lower calibration level than would be expected.
This is likely as the boiling point of this monomer is the highest of the three acrylates used,
so it is possible a higher proportion remains than is calculated.

Sample 3: 100 °C, 40 mbar, and 20 hours:

Benzyl acrylate

Following a baking step of 100 °C, 40 mbar for 20 hours; the matrix was found to contain less
than 5 % of the original benzyl acrylate concentration. A more accurate concentration was
unable to be determined as the calibration of such a small percentage could not be
determined.

1, 3 butanediol diacrylate

After this thermal step, around 9 % of the original percentage of 1, 3 butanediol diacrylate still
remained in the matrix. This monomer appears to be the most difficult to remove. There was
however no breakdown product observed, suggesting the monomer is more stable then the
phenyl and benzyl monomers, but could cause problems concerning the stability of the
matrix.

Ethylene glycol phenyl ether acrylate

Ethylene glycol phenyl ether acrylate appeared to be most easily removed from the matrix
system, with the smallest percentage remaining after the 100 °C thermal step. Less than 5 %
remained in the matrix; once again an accurate measurement could not be performed as the

concentration was well below the calibration limits.

5.9.3 Calibration of Ethylene Glycol Phenyl Ether Acrylate - Addition of
Phenoxyethanol

To determine whether the degradation product of ethylene glycol phenyl ether acrylate
affects the results of the calibration, a calibration curve was constructed which included the
area peak of phenoxyethanol. The results from this show a relationship between the
decomposition product and the acrylate monomer, and the results from the calibration give
the same results as without the phenoxyethanol peak, further confirming that the phenoxy
ethanol is a decomposition product from the monomer. The degradation product benzyl
alcohol, also detected by the GC-MS, gave the same results, when the peak area of that

monomer was included in the calibration.
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Figure 57: Calibration curve, ethylene glycol phenyl ether acrylate including phenoxy
ethanol area peak, average of two analysed sample films

5.10 Conclusion

To summarise, it is clear that the three chosen acrylate monomers are stable in System B
during the 50 °C curing step, and storage at ambient temperatures, (open system) the
samples were also stable when not stored in an acrylate saturated atmosphere. Only
ethylene glycol phenyl ether acrylate showed a loss of around 46 % during this time. The 100
°C step for 20 hours, 40 mbar, appears to remove around 90 % of 1, 3 butanediol diacrylate,
and more than 95 % of the phenyl and benzyl acrylate monomers. The results suggest that
even higher temperatures may be required if all traces of the acrylate monomers need to be
removed, which may lead to damage of the written waveguides in the matrix material. The
material is easily processed, with quick curing times, is compatible with acrylate monomers
as well as N-DPD, can be used to produce fully flexible thin films. Optical characterisation
and the development of optical interconnects using this material are described in Section 8.
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Development and Characterisation
of Optical Matrix Materials —

System C
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6 Characterisation of an Optical Material Developed from a Silanol Terminated
Polysiloxane Cross linked with an Acryloxy Functional Silane (System C)

6.1 Introduction

Having developed and characterised two previous polymeric optical materials, a third optical
matrix ~material was investigated using a silanol terminated polysiloxane.
Polydimethylsiloxane (PDMS) polymers offer a combination of properties including a low
glass transition temperature (T,4) and high temperature, chemical and oxidation resistance®.
To take full advantage of these properties the polymer needs to be cross linked into a
network. An important class of reactions used to cross link siloxanes is the condensation of
silanol groups to form siloxane bonds, from silanol terminated PDMS. The condensation of
silanol groups to form siloxane bonds is one of the most important classes of reactions used
to crosslink siloxanes in commercial applications®®. Room temperature vulcaniseable
materials can cure rapidly, and boast properties such as strength, flexibility and
transparency. Terminal silanol groups present on silanol terminated PDMS polymers are the
main components in one and two part sealant systems, used in combination with small
amounts of metal soap catalysts such as dibutyl tin dilaurate. Upon curing, the PDMS system
can produce cross linked silicone films, as well as flexible silicone elastomers. With the
introduction of a tri or tetra functional molecule, a 3D network can be produced.
Trialkoxysilanes (R'Si(OR™");) when used as cross linkers, enable moisture curing upon
exposure to air, with the alkoxy functionality hydrolysing to form silanol and the
corresponding alcohol. The silanol then condenses with the Si-OH-terminated polymer,
producing a cross linked network. Such chemistry is utilised in silicone sealants, with
atmospheric moisture diffusing into the polymer once the sealant is extruded, hydrolysing
the reactive groups on the cross linker. Fast curing speeds, and the ability to modify the
properties of the final polymer by using functional alkoxy silanes, deems this class of material
an appropriate medium for the fabrication of optical waveguides. The unstable silanol end
groups, (-SiIOH) on the cross linking molecules condense with the silanol end groups on the
silicone chain, forming stable siloxane bonds (-Si-O-Si-) in the cured sealant. One part curing
systems usually cure within one hour, depending on the temperature, thickness of the
sealant and humidity. High modulus silicone sealants usually contain 80 to 85 parts silanol
polymer, 5 parts crosslinker, and 0.01 wt. % tin catalyst.”” After mixing the components, the
sealant cures as shown in the scheme below, with the formation of ethanol as by product.

The developed material needed to contain to contain an acrylate functionality either added as
monomers or by attaching acrylate functional groups to the polymer backbone. A silanol
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terminated dimethyl diphenyl siloxane was chosen, due to its optical properties and speed of
curing at room temperature with acryloxymethyl trimethoxy silane. Using this trifunctional
cross linker, it was possible to produce an optically transparent, flexible material, which
contained high refractive index functional groups attached to the polymer back bone. In the
presence of a tin catalyst, the material is fully cross linked in under an hour at room
temperature. The acrylate functional groups, in the presence of a two-photon photoinitiator,
are polymerised by two-photon excitation. The material is also compatible with the specific
two-photon photoinitiator, N-DPD.

HaC——Si——CHs

——Si—OH 4+ Si(0C,Hs), — S|i o) Si—o0 Si
CH, CH, o) l;Hs
H,C Si CHs

Figure 58: Example of silanol cross linking with a tetra-functional silane

6.2 Development of System C

The work carried out on System C was performed in cooperation with D. Zidar (Montan
University, Leoben, Chair of Chemistry of Polymeric Materials, and some of the results in the
following section can be found in the Bachelor Thesis".

Silanol terminated diphenyl dimethyl polysiloxane (% OH 0.7-1.3, mole % diphenylsiloxane
2.5-3.5), acryloxymethyl trimethoxy silane and dioctyldilauryltin were purchased from ABCR
GmbH (Germany), and used without further treatment. Irgacure 379 was supplied by CIBA
Specialities (Basal, Switzerland).The specific two-photon photoinitiator 1,5-bis(4-
(dimethylamino)phenyl penta-1,4-diyn-3-one (N-DPD), was utilised for all TPA experiments,
and was developed and synthesised externally’®. A description of the photoinitiator can be
found in section 4.2.2.

The silanol terminated polysiloxane was cross linked with 20 wt. % acryloxymethyl trimethoxy
silane, with the structures of all components displayed in Figure 59. The material can tolerate
up to 30 wt. % cross linker, however the curing time has to be extended along with a higher
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concentration of Sn catalyst. It was found that using the Sn catalyst dioctyldilauryltin in small
concentrations speeded up the curing rate rapidly to less than one hour. This catalyst is
different from a previous catalyst used, and has been chosen due to its lower toxicity In order
to obtain homogeneous and dust free layers, the components were mixed thoroughly and
filtered using a 0.45 ym PTFE syringe filter. 0.025 wt. % N-DPD was dissolved in the cross
linker by ultrasonification, and the polymer, cross linker and 1 wt. % Sn catalyst were stirred
for one hour during which a pre curing occurs, increasing the viscosity of the material. When
all the components are mixed together, the viscosity is too low to form thin films, and when
the material cures, due to the nature of condensation curing, the films do not have smooth
surfaces, and when for example, mounted chips need to be fully covered on mounted
substrates, problems arise when the layer is not flat over the diodes. The best way to
achieve a homogeneous thin film is to scrape the material across the surface of the
substrates. This can only be achieved when the material has a high enough viscosity, and
with a material which cures fast enough not to flow and form films which are too thin. When
the material is left to cure at room temperature, it cures from the top down through the
material, meaning in the bulk, only the top layer cures, making it impossible to increase the
viscosity. A pre curing step is therefore carried out whilst the material is stirred, at slightly
elevated temperatures in a water bath, enabling sufficient moisture for the curing.

The specific two-photon photoinitiator N-DPD is compatible with this matrix material, with the
crystals dissolving in the cross linker and no recrystallisation being observed. The
commercial one-photon photoinitiator Irgacure 379; following long term exposure to ambient
light conditions, “out blooms” in this material, with visible crystal-like structures appearing
within two weeks. Following the sample preparation, thin films were prepared by scraping the
material onto substrates to give film thicknesses of between 300 and 500 um. Possible cross
linking mechanisms occurring during the curing steps are presented in Figure 60. The
material was then applied to substrates and cured at room temperature for one hour.
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Figure 59: Structures of silanol terminated diphenyl dimethyl polysiloxane (a),
acryloxymethyl trimethoxy silane (b), and the subsequent cross linked network (c)
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Figure 60: Possible cross linking reactions of silanol terminated polymer and acryloxy
cross linker

6.3  Characterisation of Components Present in System C — FT-IR spectroscopy

Each component, used in the silanol matrix material, was characterised by FT-IR
spectroscopy, by drop casting suitably diluted solutions onto CaF, plates. The characteristic
peaks of the functional groups were identified, to aid the monitoring of the curing, as well as
the polymerisation of the acrylate functional group attached to the polymer backbone. The
next section includes the FT-IR spectra along with tables to identify the characteristic peaks.
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Silanol terminated diphenyl dimethyl polysiloxane

The band corresponding to the OH vibration is relatively small in the spectrum, however the
decrease is observed during the curing with the acryloxy cross linker.

100

80
R
5

- 60 -
2
G

c 40
©
Y
=

20 -

0-

T I T I T I T I T I T I
4000 3500 3000 2500 2000 1500 1000

Wavenumber / cm’

Figure 61: FT-IR spectrum of silanol terminated diphenyl dimethyl siloxane

Table 19: Characteristic bands observed in FT-IR spectra of silanol terminated
diphenyl dimethyl siloxane

Characteristic bands (cm ™) Responsible vibration
2948 O-CHgs Stretching
1619, 1635 C=C Stretching
1731 C=0 stretching
968,985 =CH, wagging
1258 Si-C vib
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Acryloxy methyl trimethoxy silane

The spectrum of the acryloxy cross linker was used to monitor the double bond conversion of

the acrylate functionality during UV polymerisation and is presented in Figure 62.
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Figure 62: FT-IR spectrum of acryloxy methyl trimethoxy silane

Table 20: Characteristic bands observed in FT-IR spectra of acryloxy methyl
trimethoxy silane

Characteristic bands (cm ™) Responsible vibration
1262 Si-CH3; Symmetric deformation
3634 O-H stretching
3071, 3052 C-H stretching (aromatic)
1592 C=C Stretching (aromatic)
1430 Ph-Si ring vibration
1070 Si-O-Si stretching vibration

115



6.4 Determination of the Conversion of Acrylate Functionality using Irgacure 379
and N-DPD - Time-based FT-IR

6.4.1 Sample Preparation

To determine if the acrylate functional group attached to the crosslinker acryloxymethyl
trimethoxy silane polymerises under UV conditions and whether polymerisation occurs in the
fully cross-linked material, time-based FT-IR spectroscopy was performed. FT-IR
spectroscopy was carried out with samples containing Irgacure 379 as photoinitiator. Silanol
terminated diphenyl dimethyl siloxane was cross-linked with 20 wt. % acryloxymethyl
trimethoxy silane in the presence of dioctyldilauryltin as catalyst. Samples either contained 1
wt. % Irgacure 379, 0.025 wt. % N-DPD or no photoinitiator. The samples were spin coated
onto gold plates to form thin films, and reflectance mode time-based FT-IR spectroscopy was
carried out. The samples were placed in a reflectance cell which was purged with nitrogen, to
avoid oxidation of the samples during irradiation. Time based software enabled spectra to be
collected continuously while each sample was being illuminated. The samples were
irradiated using an Omnicure spot cure lamp. In order to follow the rate of polymerisation
closely, and then samples were irradiated with a higher light intensity. Following the
collection of data, the spectra were used to calculate the double bond conversion, by
calculating the peak area corresponding to the C=C double bond, calculating- the ratio
against a reference peak. The results were then compared with samples containing N-DPD,
Irgacure 379 and the samples containing no photoinitiator. Two sets of time based
measurements were carried out, the first carried out using a very low light intensity of 0.1

W/cm?. The samples prepared with Irgacure 379 and N-DPD were analysed in the same way

6.4.2 Results

Preliminary FT-IR spectra were recorded of samples containing the acryloxy crosslinker, to
determine whether the bands were quantifiable. After a 10 second illumination time using a
UV spot cure lamp, the peak observed at 1635 cm™ decreased considerably with the sample
containing Irgacure 379. The double bond conversion was found to be over 90 %. The
samples containing the photoinitiator N-DPD, showed a very low double bond conversion,
and even after one minute of UV exposure, the peak corresponding to the C=C in the FT-IR
spectrum only decreased slightly, suggesting that the photoinitiator is very inefficient under
one-photon conditions. Detailed spectra of the acryloxy cross linker pre and post 1 minute
UV exposure are displayed in Figure 63. These results also suggest that the cladding
material surrounding the waveguides should not polymerise under UV exposure when N-
DPD is used as a photoinitiator in this matrix material. The results show that even at such a
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low light intensity, samples containing 1 wt. % Irgacure 379 show a double bond conversion
of nearly 50 % after around 6 minutes. In comparison, the sample containing N-DPD,
showed a double bond conversion of less than 20 %. This suggests that under normal light
conditions, the acrylate functional groups attached to the back bone of the polymer are
unlikely to polymerise significantly, and that N-DPD will remain stable in the matrix. The
graph also shows, as a comparison, a sample containing Irgacure 379, which was
illuminated with a light intensity of 0.7 W/cm?. After the same time period, a double bond
conversion of nearly 90 % was achieved, with the highest conversion occurring in the first
minute of light exposure. To continue with the time based experiments, a more realistic light
intensity was used to illuminate the thin films, containing N-DPD and Irgacure 379. A sample,
containing no photoinitiator was also treated in the same way, in order to determine if any
polymerisation occurs, from the light intensity alone, or if oxidation occurs in the thin films,
leading to a decrease in the C=C peak at 1635 cm™. A light intensity of 0.7 W/cm?®was used
on all three samples, which were illuminated for 15 minutes. A plot of the calculated double
bond conversion for each sample is displayed in Figure 65. As was expected, the sample
containing Irgacure 379, reached a double bond conversion of over 80 % after less than 5
minutes, with a rapid polymerisation occurring in the first minute. Comparing the samples
containing no photoinitiator and N-DPD, the results were very similar, with both samples
showing a very slow rate of polymerisation. The sample containing no photoinitiator showed
a higher rate of polymerisation than expected, however after 12 minutes of illumination, a
double bond conversion of less than 70 % was calculated. Using the photoinitiator N-DPD, a
conversion of 80 % was achieved, however polymerisation occurred at a much slower rate
than with Irgacure 379. All results suggest that although there is some activity using N-DPD
as photoinitiator, under normal one-photon conditions, the efficiency is comparable to having
no photoinitiator; therefore polymerisation should not occur in the cladding material.
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Figure 63: FT-IR spectra of acryloxymethyl trimethoxy silane including 0.025 wt. % N-
DPD; pre and post 1 minute UV illumination
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Figure 64: FT-IR spectra of low viscosity silanol terminated polydimethyl diphenyl
siloxane cross-linked with acryloxymethyl trimethoxy silane including 1 wt. % Irgacure
379; pre and post 10 s UV illumination
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Figure 65: Double bond conversion upon UV irradiation using N-DPD and Irgacure 379
at different light intensities

90 -
+ o *
80 -
¢ o o
o
70 - . -
‘¢ o * [ I
60 - [ |
sece * - =

go | .
g *e H = ]
q0 - +NDPD (50% intensity)(0.7 W/ cm2)

* | |
30 - . H no photoinitiator (50 % intensity) (0.7 W/ cm2)

¢ gu

.

20 Irgacure 379 (50 % intensity) (0.7 W/cm2)

|
10 | ,="°

..
0 n= T T T T T 1
0 200 400 . 6[?0 800 1000 1200
Time [secs]

Figure 66: Double bond conversion upon UV irradiation using N-DPD, Irgacure 379 and
no photoinitiator at a light intensity of 0.7 W/cm™
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6.5 Determination of the Thermal Stability of System C — Simultaneous Thermal
Analysis (STA)

6.5.1 Sample Preparation

To perform these measurements, an STA instrument coupled with Mass Spectrometry was
used, making it possible to detect which molecules and components present in the matrix
material were being lost upon heating. Three samples were analysed, to determine how the
material is affected during thermal treatments. Samples were prepared in the same way as
described in section 6.2. A thermal treatment of 150 °C for 1 hour was then carried out on
two samples, and then one of these samples was further heated at a temperature of 200 °C
for 10 minutes. Samples were measured from 20 to 300 °C, with a heating rate of 10 °C per
minute. A comparison was made as to which components were removed during the thermal
treatment.

A second set of investigations were carried out to compare the stability of illuminated and
non illuminated matrix material. This essentially represented the core and cladding of the
optical waveguides. Samples were prepared in the same way as the previous samples, but
three samples were illuminated with a UV spot cure lamp, under nitrogen atmosphere, for 1
minute. Due to the fact that N-DPD is ineffective under normal one-photon conditions; 1 wt.
% Irgacure 379 was added to the samples for these experiments. The non illuminated
sample and one illuminated sample were then given no further treatment, whilst the two
further samples were given a thermal treatment of 150 °C for 1 hour. One of these samples
was then further heated at 200 °C for 10 minutes. Samples were analysed from 20 to 300 °C,
with a heating rate of 10 °C per minute.

6.5.2 Results

The results of the first sample, which received no thermal treatment, are displayed in Figure
67 At 200 °C the sample showed a weight loss of 5 %, with the MS data confirming that
methanol and water were removed from the sample. It has been calculated that up to 6 wt. %
of methanol could be produced through the curing process, so it is likely that this is
responsible for some of the weight loss, along with water. Comparing this sample with the
two samples which were thermally treated (Figure 68 and Figure 69), a weight loss of only 2
% was detected. This confirms that thermally treating the silanol matrix material removes
only the methanol and water, produced from the condensation curing. At 300 °C a weight
loss of only 2 wt. % indicates the cross-linked matrix is stable, with no breakdown of the
material occurring. These results are confirmed when the results are compared with the third
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sample, which was thermally treated at 150 °C for 1 hour, followed by 200 °C for 10 minutes.
The results of these two samples are almost identical, signifying a thermal treatment of 150
2C is capable of removing remaining methanol and water, but also the material is able to
withstand processing steps of 200 °C without breaking down. The DSC trace was similar for
all three samples, with one peak observed at around 300 °C in the trace, corresponding to
the sample which was not thermally treated. This is likely to represent a breakdown of the
material, due to the sample being held at 300 °C for 10 minutes. The material was not fully
cured, leading to a lower thermal stability. No peaks of troughs were observed in the DSC
traces for the thermally treated samples, suggesting no oxidation or decomposition occurred
in the material.

Four more samples, prepared in the same way, were analysed to investigate the stability of
iluminated and non illuminated material. The results of the STA analyses are presented in
Table 21. Each of the four samples analysed was compared to the previous samples, to
determine whether the illuminated material (waveguide core) is thermally stable. Each TGA
trace was used to measure the weight loss at 200 °C. The results showed that illuminated
material appeared to be slightly less stable, however the weight loss varied by less than 1 %.
The MS data corresponding to the materials which were not thermally treated showed ion
peaks with m/z values of 18 and 32, corresponding to water and methanol. These
components would be removed from the matrix during a 150 °C thermal treatment. The
results demonstrate the silanol terminated polysiloxane is a stable material, able to withstand

processing temperatures.
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Figure 67: Silanol terminated polysiloxane cross-linked with 20 wt. % acryloxymethyl
trimethoxy silane (no thermal treatment)
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Figure 68: Silanol terminated polysiloxane cross-linked with 20 wt. % acryloxymethyl
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Figure 69: Silanol terminated polysiloxane cross-linked with 20 wt. % acryloxymethyl
trimethoxy silane (thermally treated — 150 2 C, 1 hour plus 200 2C 10 min)

Table 21: STA results of all samples, comparing the weight loss at 200 °C

Sample Description

Wt. loss at 200 °C (%)

No thermal treatment / non 5
illuminated (N-DPD)

150 °C / non illuminated 0.41
150 °C / 200 °C non illuminated 0.38
No thermal treatment / non 49
illuminated (Irgacure 379)

No thermal treatment / 55
illuminated

150 °C / illuminated 0.82
150 °C / 200 °C illuminated 0.7
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6.6 Conclusion

A material consisting of a silanol terminated polysiloxane cross linked with acryloxymethyl
trimethoxy silane has been characterised and investigated for its suitability as a material
used to produce optical interconnects. Previous materials, described in sections 4 and 5,
incorporated high volatile, high refractive index methacrylate or acrylate monomers, which
needed to be removed following the structuring of waveguides by two-photon polymerisation.
Using this material means curing can be carried out rapidly at room temperature, leading to
decreased processing times and the absence of high curing temperatures. Condensation
curing of a silanol terminated polymer, with moisture sensitive functional silanes, produces a
fully cross-linked, yet flexible and transparent matrix material in under an hour at room
temperature. The non-hydrolyseable substituent on the silane cross linkers influence how
long the curing takes place, with vinyl and methyl groups being utilised for fastest curing
speeds. The optical material is flexible, transparent and rapid curing, and can be used in
conjunction with the two-photon specific photoinitiator N-DPD. Following the development of
this optical material, optical characterisation was performed, along with the production of
optical waveguides on PCB's via two-photon photopolymerisation, the results of which can
be found in section 9.
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7 Optical Characterisation of a Material Developed from Vinyl and Hydride
Terminated Polysiloxanes (System A)
71 Introduction

System A, after being fully characterised, was investigated for its optical properties. This
section summarises results of optical experiments performed on System A, which are
described in detail elsewhere’. Based on the properties of waveguides, the material must
fulfil a number of requirements. The following section explains each method used to
characterise the optical material, continuing to the production of optical interconnects. The
material and subsequent optical waveguides, structured by two-photon polymerisation, were
characterised by ellipsometry, to determine the refractive index difference between the
waveguide and core. Cut back measurements were performed on the written waveguides to
determine the optical losses, and phase contrast and optical microscopy were performed to
examine the 3D optical waveguides.

7.2 Ellipsometry

7.2.1 Introduction

Based on waveguide geometry, the waveguide core must have a higher refractive index than
the surrounding cladding material. The two-photon polymerisation of the methacrylate
monomers leads to an interpenetrating network inside the siloxane material, leading to an

increase in refractive index.

The refractive index of the UV illuminated and non illuminated thin films were measured by
spectroscopic ellipsometry. From ellipsometric data the dispersion of the refractive index
(Cauchy fit) could be measured. For our work, we were interested in the index of refraction at
the telecom wavelengths of 1310 and 1550 nm, as well as the datacom wavelength of 840
nm. For the sample preparation, the epoxy diamine matrix material was spin cast onto
silicon wafers. The samples were then given a pre curing step at 80 °C. Half of the samples
were then illuminated using a spot cure lamp. All samples were then given a thermal finishing
treatment of 100 °C.

7.2.1 Results

The results of four samples analysed are described. Two samples contained 8 wt. %
methacrylate monomers, and two samples contained 10 wt. %. All samples contained 1.8 wt.
% Irgacure 379 as photoinitiator. Only two samples were given a thermal pre treatment, in

order to determine how the refractive index is affected by illumination performed on the cured
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and non cured material. The results are summarised in Table 22, with the results included for
the telecom and datacom wavelengths. A Cauchy fit of the refractive index difference
achieved for the sample containing 8 wt. % methacrylate monomers is presented in Figure
70. An illumination time was chosen so that the maximum photoinduced polymerisation was
achieved. For all samples at the wavelengths of interest, a difference in the index of
refraction of An = ~0.02 was obtained. There appeared to be only minor differences in using
8 or 10 wt. % monomers in the samples, as well as performing a thermal pre treatment.
Using 8 wt. % methacrylate monomers in the polymer mixture appears to lead to a slightly
higher difference in the refractive index, however the thin films used for TPA structuring have
a lower flexibility.

Table 22: Ellipsometry results comparing samples containing 8 and 10 wt.%
monomers, and including and omitting the pre thermal treatment

Sample Wavelength [nm] n (non illuminated) n (illuminated) An
8 wt. % monomers 850 1.468 1.489 0.022
1310 1.464 1.482 0.018
1550 1.464 1.481 0.017
10 wt. % 850 1.469 1.486 0.017
monomers 1310 1.464 1.479 0.015
1550 1.463 1.478 0.014
8 wt.% no pre 850 1.470 1.490 0.021
treatment 1310 1.468 1.484 0.016
1550 1.467 1.483 0.015
10 wt.% no pre 850 1.470 1.487 0.018
treatment 1310 1.465 1.482 0.019
1550 1.465 1.481 0.017
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Determination of the refractive index change upon UV irradiation
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Figure 70: Cauchy fit of the refractive index of illuminated and non illuminated regions
at different wavelengths, with a sample containing 8 wt% monomers

7.3  TPA Structuring
7.3.1 Introduction

TPA material testing was performed on our material, to determine whether optical
waveguides could be structured successfully in thin films. TPA material testing was
performed using an ultra fast titan — sapphire laser system (Mai Tai, pulse duration: 120 fs,
repetition rate: 1 kHz) at a wavelength of 600 nm. Material testing was performed on thin
films, to determine firstly, the fabrication window which can be used to structure. High laser
powers can lead to a burning or ablation of the material, and too low, and waveguides of very
low contrast will be structured. Adjusting the optics of the laser can be performed to alter the
shape of the cross section of the waveguide structures, which can be observed using optical
microscopy. The cross sections of the written waveguides are observed only when the
material can be effectively cut, enabling the in-coupling of light into the waveguide. Phase
contrast microscopy can be used to characterise the waveguide structures, as areas of
different refractive index can be visualised. During such material testing, the laser system
needs to be fully optimised, in order to obtain the best performance from the optical material.
Two-photon processing can then be used to fabricate waveguides using only our optical
polymeric material. The laser is focused into the material, usually scraped onto glass slides
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or rigid-breakable FR-4 substrates, with a layer thickness of between 300 and 500 ym. The
absorption of the material at the laser wavelength is low, which enables the fabrication of the
waveguides with high precision between 80 and 250 um below the surface. The photon
density in the focal volume is sufficient to initiate the cross linking of the methacrylate
monomers, forming a solid structure embedded in the non-exposed surrounding cladding
material.

The method of TPA material testing described here is the same used for all three optical
materials described in this work, with only minor changes to the laser system which will be
mentioned. The results of the material testing obtained using this material are described in
detail elsewhere, along with the results of the fabrication of demonstrators®®. This section is
therefore used to describe how the processes were performed, with more detailed results
using the newly developed epoxy / diamine and silanol terminated optical materials in
sections 8 and 9.

MIR fs pulses

UV light

photosensitive photosensitive
resin resin

_ —

Figure 71: Representation of one-photon and two-photon absorption
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7.3.2 Results

The polysiloxane material was coated on glass slides or rigid-breakable FR-4 substrates to
perform TPA material testing. To determine the fabrication window of the material, structures
were inscribed using different laser powers between 550-800 yW. Phase contrast was then
used to observe the waveguides, using an Olympus BX 51 microscope. An example of the
phase contrast images are seen in Figure 72 and Figure 73. The first aspect to be noted
when observing the waveguide structures is the contrast, with a higher contrast produced
when the difference in refractive index is greater. The second point to note is that non
interrupted structures are produced, which do not include burns or defects. This can occur
when the laser power is too high, as well as when particles and impurities are present in the
material

The cross section of the waveguides is related to the laser power, the adjustment of the
optics and the reactivity of the monomers. Using this material, the cross sections of the
waveguides were between 25 and 35 ym. An example of the cross sections is shown in
Figure 74. Short waveguide structures were written on rigid-breakable substrates, which
enabled the material to be cut, using a rotary cutter. Optical microscopy was then used to
characterise the cross sections, enabling the shape, size and depth of the structures to be
optimised. The correct laser power and optical beam quality can then be decided, as different
optical materials behave differently during the TPA process. Prior to the fabrication of
demonstrators this process is carried out, as any change in the composition of the material,
as well as slight changes in the laser system, can lead to differences in the performance of
the fabrication.

660 A

670 pA

630 pHA

Figure 72: Waveguides structured using different laser powers, observed using phase
contrast microscopy. Siloxane matrix material containing 8 wt. % monomers
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Figure 73: Waveguides structured using different laser powers, observed using phase
contrast microscopy Siloxane matrix material containing 10 wt. % monomers

Figure 74: Waveguide cross sections structured using different laser powers,
observed by optical microscopy

7.4  Fabrication of Optical Interconnects
7.4.1 Introduction

Once initial TPA material testing has been performed, optoelectronic printed circuit boards
can be fabricated. Figure 75 shows a schematic representation of such a board. During this
work, all materials were used for the production of experimental rigid and rigid-flex boards,
shown in Figure 76. The integrated optical connections include a vertical-cavity surface-
emitting laser (VCSEL), which is mounted upright, emitting light at a wavelength of 850 nm,
parallel to the surface of the substrate, shown in Figure 77. On the opposite side, a
photodiode is mounted, facing the VCSEL. The components are completely embedded in a
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layer of the optical material, between 300 and 500 pym thick. The TPA written waveguide then
connects the optical components.

VCSEL Optical material {cladding) Waveguidogore Photodiodc

Figure 76: Printed circuit board with mounted laser and photo diodes. Rigid-flex (left)
and rigid board

Figure 77: Printed circuit board with optical components. Mounted on the left side is
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the laser diode, and on the right side the photodiode

The waveguide fabrication process is performed by collecting an accurate 3D representation
of the sample, which is required to correctly align the waveguide on the active areas of the
optoelectronic components™. The x-y position of the components is determined using a CCD
camera. The surface of the optical material as well as the z position of the components is
determined by monitoring the intensity of the back-reflected light of a He-He laser with a
photodiode using a confocal setup. Once the start point, end point and waveguide path are
defined, a correctly aligned waveguide can be structured. Misalignment of the waveguide
with the optoelectronic components can result in loss of light during in and out coupling.
Using this method, waveguides can be structured at different depths, allowing more than one
waveguide to be written. During our demonstrator processing, the usual method was to write
a waveguide bundle, consisting of a mother waveguide surrounded by six further
waveguides. The photocurrent was measured before, during and after the TPA structuring.
The photocurrents of the demonstrators before and after the TPA structuring of waveguides
were recorded using a Keithley 6485 Picoampermeter and the laser diode is driven with 6
mA by a Newport 505B Laser Diode Driver.

7.4.2 Results

This material was the first to be used to develop optical interconnects. The material has a
high enough viscosity to be applied onto the demonstrators using a specially designed
scraper, producing a layer thickness of 500 or 300 ym. Rigid substrates were investigated
first, with a length of 7 cm between the optical interconnections. Table 23 includes the
photocurrents of the fabricated rigid demonstrators, recorded before, after and following a
few days storage. The photocurrent was always taken during these times, to firstly calculate
the photofactor, (f), which is defined as the ratio ®/d, where ®, is the photocurrent prior to
the structuring of the waveguides and @ the photocurrent recorded following TPA
structuring. Following TPA structuring, the photocurrent also increases slightly, due to
photoinitiator radicals still be present in the material, leading to a post polymerisation, which
is believed to further improve the interconnecting cross linking inside the waveguide core.
Although the photocurrents obtained following TPA structuring were quite low, photocurrent
did show an increase in all demonstrators which were fabricated by correctly connecting the
laser and photo diodes. With each demonstrator, waveguide bundles were structured, with
the mother waveguide being structured at an average depth of 125 ym below the surface. A
feed rate of 20 mm/minute was used, with laser powers of between 700 and 800 uW.
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Table 23: Photocurrent measurements of rigid demonstrators, pre and post TPA and
after a few days storage

Photocurrent pre  Photocurrent post TPA Photocurrent post
TPA [pA] [MA] storage [pA]

1.3 107 83.1

1.4 49 47.5

0.3 22 16

1.4 88 81
0.45 34 32

0.8 70 87.8

Following the TPA structuring, an average photofactor of 80 was achieved. The increase in
the photocurrent is believed to arise from the whole waveguide bundle, with each separate
waveguide participating. As more waveguides are structured, there is a general increase in
the photocurrent, however if the written waveguides are structured too high or too deep into
the material it is possible to burn the substrate, as well as the material. A chart of the
obtained photocurrents is included in Figure 78.
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Figure 78: Results of the detected photocurrents before TPA, after and after a few
days storage of a number of optical PBCs

Using this material to produce rigid-flex demonstrators was more of a challenge, due to a
“step” present just before the diodes. This step is the area where the substrates can be
disassembled, allowing the removal of the polyimide foil from the FR-4 substrate. During the
structuring, the photocurrent goes down, due to a loss of light, attributed to scattering in this
area. For this reason, lower photocurrents were achieved using such substrates. Successful
structuring was however performed, with an increase in the photocurrent recorded for all
correctly aligned waveguides. Table 24 includes the resulting photocurrents achieved before,
after TPA structuring and following a few days storage. The material performed well, with no
burns or ablation occurring during the TPA fabrication. Scattering centres were however
visible over the area of the step, indicating higher photocurrents are possible using differently
designed substrates. The results are also presented in Figure 79.
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Table 24: Photocurrent measurements of rigid-flex demonstrators, pre TPA
structuring, post TPA and after a few days storage

Photocurrent pre Photocurrent post TPA Photocurrent post
TPA [uA] [MA] storage [uA]
0.8 17.3 16.6
0.7 11.4 12.3
0.5 20 16
1.5 22.7 17
25 1 B Starting photocurrent
m Photocurrent directly after TPA
20 A Photocurrent after storage
g 15 -
5
3
9 10 -
z
5 -
0
1 2 3 4

Figure 79: Results of the detected photocurrents before, after and after a few days
storage of a number of flexible optical PBCs

Following TPA structuring, a post thermal step needs to be performed on the demonstrators,
in order to remove the remaining methacrylate monomers. This not only stabilises the
material by producing a fully cross linked network, but also the refractive index difference
between the waveguide core and cladding is increased. A 100 °C baking step, for 20 hours
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(40 mbar) was carried out, and the photocurrents were measured. This step has been found
to have a detrimental effect on the written waveguides, leading to an average decrease in the
photocurrent of 30 %. It is clear that the waveguides were not destroyed, as photocurrents of
an acceptable level were detected, however it is believed that a shrinkage occurs, causing
the coupling of light into the waveguide to be altered. The correct alignment of the waveguide
between the optical components results in the highest photocurrents, due to the fact that the
light is effectively in-coupled. All demonstrators fabricated using this material, following the
post thermal treatment showed a decrease in photocurrent, which cannot be explained. It is
also possible methacrylate monomers, present in the waveguide core are removed during

the thermal treatment, leading to defects in the interface between the core and cladding.

7.5 Conclusion

This polysiloxane matrix material is well suited for the use in TPA applications. The
processing and characteristics of the material were optimised, leading to a suitable ratio of
high refractive index methacrylate monomers to be included in the material, thus forming a
tight network of polymethacrylate waveguide core via photopolymerisation. Optical losses of
the waveguides were found to be low, and cut back measurements, including light extraction
tests were performed, proving the effective functioning of the waveguides. A high enough
difference in the refractive index is achieved between the waveguide core and cladding,
determined by spectroscopic ellipsometry, with a difference of ~ 0.02 in the telecom and
datacom regions achieved. This is the first material used to fabricate fully operating
demonstrators, on rigid and rigid-flex substrates. Waveguides were correctly aligned
between optical components, leading to an increase in the photocurrent, which remained
stable for over one year, when stored under temperatures of 80 and 10 °C. Following post
thermal treatment of the demonstrators, the decrease in photocurrent led to the conclusion
that a material needs to be developed which has a higher thermal stability, and can be used
in combination with acrylate monomers, which are more reactive, and likely to enable the
fabrication of waveguides with larger cross sections. Continuing with a polysiloxane
backbone, a new material was therefore developed which had a higher stability and could be
used with more reactive acrylate monomers. This material (System B) is described in section
5 and results of optical characterisation are presented in Section 8.
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8 Optical Characterisation of a Material developed from Epoxy Terminated
Polysiloxane Cross linked with a Diamine (System B)
8.1 Introduction

An epoxy terminated polysiloxane, cross linked with 1,3-bis(3-aminopropyl)tetramethyl-
disiloxane, described in section 5, was optimised and used as an optical material for TPA
fabrication of optical waveguides. STA experiments reveal the material has a high thermal
stability, as well as the acrylate monomers being removed straightforwardly during a post
thermal treatment, producing a stable matrix following TPA. Once the development and
processing the material were optimised, a series of optical characterisation experiments was
performed, to firstly, establish whether the material was optically transparent on the telecom
and datacom regions of the NIR spectrum, and to ascertain the difference in refractive index
between the cladding and waveguide core. All waveguiding materials need to have low
optical losses in such wavelengths. Optical losses can arise from absorption, scattering,
polarization dependence, reflectance, radiation and coupling”. C-H and O-H overtones can
be absorptive in the telecommunication window, and so using a polymer such as ours,
containing diphenyl substitutions, should have no electronic absorptions which contribute
significantly to optical losses.

Ellipsometric spectroscopy was performed on thin layers of System B, using UV illuminated
and non illuminated samples, however bad adhesion to the silicon chips, even after a surface
modification, made the measurements extremely difficult. Simple investigations using an
Abbe refractometer, enabled the refractive index difference to be determined between the
samples, at a wavelength of 589 nm. The change in refractive index was measured as the
sample was cured and then UV illuminated on the Abbe prism, giving us an indication of how
the refractive index changes during these conditions.

8.2 NIR spectroscopy
8.2.1 Sample preparation

Optical waveguides need to have low optical losses, particularly at the major
telecommunication wavelengths, which are 1310, 1550 and 840 nm. To determine whether
absorbance’s in these regions are causing optical losses, NIR spectroscopy was performed.

System B was prepared in the same way as described in section 5.5. The material was then
placed in plastic cuvettes and left to cure at room temperature for ~ 20 hours. Following an

initial spectrum of the matrix material, the sample was illuminated for 15 seconds on each
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face of the cuvette, using a UV lamp. This was carried out to determine differences in the
optical losses of the cladding and core of the written waveguides. In order to determine
whether the absorbance at certain wavelengths causes optical losses, the results were
compared with that of System A which showed good structuring behaviour, with high
photocurrents achieved when demonstrators were fabricated.

8.2.2 Results

The analysis of System B is presented, with the spectra of the irradiated and non-
irradiated samples displayed. The transmission is firstly displayed in Figure 80 followed by
the damping in Figure 81 Two tables, displaying the results firstly from the hydride / vinyl
terminated polysiloxane matrix as a comparison are presented in Table 25 and Table 26.
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Figure 80: NIR spectra of the epoxy / diamine matrix material, pre and post UV
illumination
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Figure 81: NIR spectra of System B, pre and post UV illumination, displaying the
wavelength against damping (dB/cm)

Table 25: Table displaying transmission results from System A ( description of
samples is shown below)

Band Samplei Sample 2 Sample 3 Sample 4 Sample5 Sample 6

850 nm 0.83312 0,85510 0,84581 0,89019 0,90227 0,90822
1310 nm 0,88288 0,86047 0,86506 0,89019 0,89074 0,89668
1550 nm 0,65815 0,65792 0,65857 0,67408 0,66968 0,67266
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Sample 1:

Polysiloxane matrix — thermally cured

Sample 2:

Polysiloxane matrix including 10 wt. % monomers — no thermal treatment

Sample 3:

Polysiloxane matrix including 10 wt. % monomers — thermally cured

Sample 4

Polysiloxane matrix including 10 wt. % monomers + Irgacure. 379 — no thermal treatment
Sample 5

Polysiloxane matrix including 10 wt. % monomers + Irgacure. 379 — thermally cured
Sample 6

Polysiloxane matrix including 10 wt. % monomers + Irgacure. 379 — thermally cured and UV
illuminated

Table 26: Table displaying transmission results from System B

Optical loss

Transmission i Optical loss
Transmission non : )
Band _ (non (illuminated)  illuminated iluminated
illuminated) in dB/em in dB/cm
850 nm 0,94369 0,87944 0,23934 0,62399
1310 nm 0,90432 0,84237 0,47069 0,86027
1550 nm 0,46144 0,45107 4,12325 4,24669

To compare the two materials optical properties, one can observe the results obtained from
sample 5, consisting of System A and the unexposed sample from the epoxy /diamine
material. The results suggest the transmission in the vinyl/ hydride terminated matrix were
worse than that of the epoxy matrix, with the transmission being lower. However when
comparing the illuminated samples, the transmissions of the epoxy / diamine matrix are
lower, suggesting that the core material is absorbing in the NIR region to a greater extent,
which can lead the optical losses from the waveguide core. Following UV exposure, the
material becomes visibly more yellow, which may contribute to the optical losses during the
guiding of the light. The results suggest that there should be no major optical losses using
this material for wave guiding purposes, however optical losses may be reduced if the OH
groups present in this material, formed from the ring opening of the epoxy are kept to a
minimum.
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8.3 Refractive Index Measurements

To carry out the analysis, the epoxy resin matrix was prepared by including 12 wt.% of the
acrylate monomers, 1,3 butanediol diacrylate, benzyl acrylate and phenyl acrylate. The
material was pre cured at 70 °C for 2 hours, and applied to optical glass slides with a
thickness of 500 uym.. The samples were then cured at 50 °C for 24 hours in a desiccator
containing a stock solution of acrylate monomers, in order to avoid the loss by evaporation.
Due to the tackiness of the material it was possible to measure the refractive index with ease
using the refractometer. Samples were placed onto the prism, and refractive indices were
recorded. Each sample was then left on the instrument, and then UV irradiated using a spot
cure lamp. The recorded refractive index was recorded at 10 second intervals during the
irradiation. Irradiation was continued until no difference in the refractive index was observed.
The results of the change in the refractive indices are depicted in Figure 82.

The samples following 100 s of irradiation, showed a change in the refractive index of ~
0.003, which is lower than for the previous polysiloxane material. The difference is enough
to form waveguides for our purposes, however a higher refractive index is likely to be
achieved during the two-photon polymerisation, using N-DPD as photoinitiator.

Refractive index change upon UV irradiation
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Figure 82: Refractive index change following UV irradiation of epoxy terminated
polysiloxane containing 10 wt. % acrylate monomers — perfroemd using an Abbe
refractometer
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8.4  TPA Structuring
8.4.1 TPA Material Testing

In this section, we investigated the performance of the developed epoxy terminated
polysiloxane, cross linked with a diamine, using N-DPD as photoinitiator, under two-photon
conditions. Samples were prepared on glass slides or rigid breakable FR-4 substrates, with
layer thicknesses of between 300 and 500 um. Preliminary experiments were performed with
samples containing either 0.025 wt%. or 0.05 wt.% of the non modified, or dibutyl-N-DPD.
The material tests were performed at a laser wavelength of 400 / 800 nm and with a laser
power in the range from 300 pW to 150 pW (Feed rate: 20 mm/min). A detailed description of
the laser setup is included in section 7.3.1.

Following the laser writing of the waveguides, phase contrast microscopy was used to
characterise the structures. Comparing the two photoinitiators, the non modified N-DPD
performed better, with the waveguide structures having a higher contrast, and the material
having a larger fabrication window with these samples. Non interupted waveguides were
obtained, displaying a larger contrast observed between cladding and waveguide core. An
average diameter of 30 ym was achieved. Due to the fact that structuring experiments
carried out using the non modified N-DPD were better, it was decided to use this
photoinitiator for all further TPA investigations using this material. Butyl-N-DPD also has a
darker orange colour than the non modified structure, suggesting there may be more
absorption and subsequiently optical losses when the matrix is brightly coloured. Phase
contrast images are displayed in Figure 83 and Figure 84.

o 200 uW
. 210 pW
25,5 uym
\ “ 230 uW
100 i

Figure 83: Detection of written waveguides by phase contrast microscopy, structured
using different laser powers (epoxy resin containing 10 wt.% acrylates
(1:1:1=BA:PA:BDA) and 0.025 wt.% photoinitiator N-DPD)
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Figure 84: Detection of written waveguides by phase contrast microscopy, structured
using different laser powers (epoxy resin containing 10 wt. % acrylates
(1:1:1=BA:PA:BDA) and 0.05 wt.% photoinitiator butyl-N-DPD)

Further TPA material tests using samples consisting of 0.025 wt.% N-DPD. Well defined,
non-interrupted waveguides with a diameter of 40-60 um were observed, displaying the
effective structuring behaviour of the developed optical material. A contrast between the
iluminated core and the non-illuminated cladding material was detectable; suggesting a
refractive index change obtained by the photo-induced polymerisation of the acrylates had
occurred. It appeared however, that although during the material testing larger cross sections
were achieved on some occasions, the contrast observed between the cladding and core
was quite low, questioning whether the concentration of the acrylate monomers had
decreased during the processing and structuring. Figure 85 below depicts a number of
waveguide structures written using different laser powers, displaying large cross sections but

weak contrasts.
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Figure 85: Detection of written waveguides by phase contrast microscopy (epoxy resin
containing 10 wt. % acrylates and 0.025 wt. % photoinitiator N-DPD; laser power: 180 —
210 pW)

In further experiments waveguide bundles consisting of 7 waveguides were inscribed into the
optical material either at a laser power of 200 uW or 190 uW. Waveguide bundles are
normally structured on demonstrators, so it was important to establish which laser power and
structuring depth should be used, to produce the best performing waveguides. Following
TPA structuring the fabricated waveguides were investigated by phase contrast microscopy.
As can be seen in Figure 86, the inscribed bundles were clearly detectable, displaying no

areas of burning or ablation.
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Figure 86: Detection of inscribed waveguide bundles by phase contrast microscopy
(epoxy resin containing 10 wt. % acrylates and 0.025 wt.% photoinitiator N-DPD; laser
power 175 and 200 pW)

After a series of attempts, it was discovered that a sharp rotary cutter could be used to
achieve good clean cross sections, in order to observe the cross sections of the waveguides,
structured at different laser powers. Following cutting of the optical material, the cross
sections of written waveguides and waveguide bundles were observed using optical
microscopy. The inscribed structures were clearly detectable by light guiding in the formed
waveguide core. Being able to observe the waveguides meant the focus and optics of the
laser could be adjusted so that more circular cross sections could be achieved. An almost
circular shape of the embedded waveguides without any scattering of the in-coupled light into
the surrounding cladding material was observed. It was also possible to observe the cross
section of a bundle of seven waveguides, by accurately cutting the material on a rigid-
breakable substrate. The diameter of the waveguide bundles was found to be nearly 80 pm,
larger than the previous polysiloxane material. This is likely to be attributed to the use of
acrylate monomers, which are more reactive than the previous methacrylate monomers. N-
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DPD also performs better than Irgacure 379 under two-photon conditions. Images of the
observed cross sections are presented in Figure 87 and Figure 88.

Burnt waveguide
190 uW
200 uW

Figure 87: Cross sections of inscribed waveguides structured using different laser
powers (epoxy resin containing 10 wt. % acrylates and 0.025 wt. % photoinitiator N-
DPD)
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Figure 88: Cross sections of inscribed waveguide bundles (epoxy resin containing 10
wt. % acrylates and 0.025 wt. % photoinitiator N-DPD)

All TPA material results using this material suggest that effective waveguides and waveguide
bundles can be used to form optical connections on PBCs. The high contrast observed using
phase contrast microscopy provide evidence that a large difference in refractive index is
achieved through TPA, and a relatively large fabrication window can be used. Almost circular
waveguide structures were observed, leading to the next stage of material investigations.
The viscosity of the material as well as the high quality thin films produced, led to the
development of demonstrators, prepared usin rigid and rigid breakable substrates.

8.5 Fabrication of Optical Interconnections

A detailed description of the design and preparation of demonstrators prepared on rigid and
rigid-flex substrates is explained in section 7.4. Due to the viscosity of the epoxy material
following the pre curing step, the substrates could be prepared once again by scraping the
material, providing a smooth, even surface, which completely covered the mounted diodes.
The prototypes developed were 2 cm and 7 cm rigid substrates, as well as 7 cm rigid-flex
substrates. Using an optimised laser system, demonstrators were structured, by writing
waveguide bundles between the embedded diodes. The increasing photocurrent was
monitored by on line photocurrent measurements. Some demonstrators, following the
inscription of one bundle, showed only a minor increase in the photocurrent, so further
bundles were structured above or below the previously structured waveguides with a number
of demonstrators. Using this material, relatively low photocurrents were achieved. The results
of the three types of demonstrators produced are presented in Table 27 and Figure 89. Due
to the low photocurrents achieved, not all demonstrators were given a post thermal
treatment. The post thermal treatment of 100 ° C for ~ 20 hours was performed to remove
any remaining acrylate monomers, in order to stabilise the material, as well as increase the

difference in refractive index between the cladding and waveguide core. The post thermal
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treatment was found to lead to a decrease in the photocurrent, once again by around 50 %,
suggesting either the waveguides are not stable enough to survive the high temperatures, or
the material undergoes a shrinkage, leading to a misalignment of the waveguides with the

active faces on the mounted diodes.

Table 27: Detected photocurrents before and after the TPA structuring (samples using
rigid boards (WL=2 cm)

photocurrent pre photocurrent post TPA photocurrent post photocurrent post
TPA [uA] [MA] storage [uA] thermal treatment
[MA]
2.28 13 13 19
0.3 11.3 12 5.3
0.1 15 15.4 6.8
16 -
m Starting photocurrent
14 -
N Photocurrent directly TPA
12 -
Photocurrent after storage
10 -
3
o8
£
5
86 -
2
=9
4 -
2 -
0 1 1 1 1

Figure 89: Detected photocurrents before and after the TPA structuring (Samples
using rigid boards (length of waveguide=2 cm))
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A second set of demonstrators were fabricated using 7 cm rigid substrates. Using this
material, TPA structuring prior to the fabrication of demonstrators produced good contrasted,
non interrupted waveguides and waveguide bundles, with the cross sections clearly visible
using optical microscopy. The demonstrators did not perform as well as expected, with
relatively low photocurrents detected following the TPA structuring of a bundle of waveguides
(Figure 90). One demonstrator was selected to perform a post thermal treatment, which
resulted once again in a loss of around 50 % of the detected photocurrent.

W Starting photocurrent

14 -
B Photocurrent directly TPA

Photocurrent after storage

Phog?currn%é‘. [nA] 5

=
1

Figure 90: Detected photocurrents before and after the TPA structuring (Samples
using rigid boards (length of waveguide=7 cm))
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8.6  Conclusion

Due to the low photocurrents achieved when fabricating demonstrators using the epoxy
terminated polysiloxane, cross linked with a 1,3-bis(3-aminopropyl)tetramethyl-disiloxane, it
was decided not to continue further with this material. One explanation for the low
photocurrents is that the refractive index difference between the epoxy cladding and core is
too low. The uncured epoxy polysiloxane has a refractive index of 1.475, and it appears the
refractive index of the waveguide core is not high enough to function efficiently. A series of
cut back measurements and light extractions investigations were performed, to determine
why the waveguides gave low photocurrents. The material was cut and cross sections were
observed using an optical microscope. The waveguides were detectable, as shown in Figure
91, however in a further set of experiments, light at a wavelength of 633 nm was in-coupled
into the waveguides to investigate the light field at the out-coupling face. The waveguide core
was not visible, and an area of illuminated material was observed through the bulk of the
layer. It appeared that the waveguides could be observed only when the illumination of the in
coupled light was significantly adjusted; suggesting the numerical aperture of the waveguides
is small. This also indicates the increase in the refractive index of the waveguide by TPA is
low. Figure 92 gives an example of the light field distribution of the in coupled light. An
illuminated area through the whole material is clearly visible, likely to be near the focus of the
laser above and below the embedded waveguide. Acrylate monomers are known to self
polymerise’®, and it is possible the acrylate monomers undergo a thermal or UV induced
polymerisation in the area of the laser beam, resulting in the observed illuminated strip
through the material.

During the post thermal treatment, it is likely a shrinking of the matrix material occurs. The
coupling of the waveguides with the diodes is then altered, resulting in the decrease of the
detected photocurrent. Acrylate monomers, trapped in the waveguide core may also be
evaporated during the thermal treatment, leading to defects and scattering centres in the
waveguide, all leading to loss of light.

The epoxy material showed extremely high thermal stability, performed well in TPA material
testing, and is compatible with high refractive index acrylate monomers, as well as the two-
photon photoinitiator N-DPD. Due to the low photocurrents detected following the fabrication
of demonstrators, along with the loss of around 50 % of the photocurrent following the post
thermal treatment, further experiments need to be performed, in order to determine the exact
refractive index difference which is achievable using such a system. The acrylate monomers
are relatively volatile, and in some TPA investigations, it was apparent that the concentration
of the monomers was quite low. A polysiloxane material, where high refractive index
functional groups are attached to the polymer backbone may be a new approach, so as to
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avoid the loss of monomers, as well as avoiding the need to perform thermal post stabilising
steps.

Figure 91: Detection of the inscribed waveguide structures by optical microscopy

Waveguide core
Waveguide
core

Figure 92: Detection of the light field distribution of the in-coupled light at the cut face
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9 Optical Characterisation of a Silanol Terminated Polysiloxane Cross linked with
an Acryloxy Silane (System C)

9.1 Introduction

A silanol terminated diphenyl dimethyl polysiloxane, cross linked with an acryloxy silane,
described (System C) described in section 6.2 was optically characterised, including cut back
and light extraction testing, NIR spectroscopy and spectroscopic ellipsometry. This newly
developed material has a high thermal stability, is processed in under an hour and forms thin
flexible films. The material was therefore used in TPA experiments, performing material
testing and finally fabricating demonstrators on specially designed 7 and 15 cm rigid
substrates containing mounted optical components. The material is suited for optical
applications, as a high refractive index acrylate functional group is attached to the polymer
backbone, which is polymerised by TPA to form the waveguide core. Following the TPA,
previous materials were thermally treated, to stabilise the matrix by removing non reacted
monomers. Using this material however, no post thermal treatment is performed, due to the
fact that the acrylate functional groups are stable in the cladding material, attached to the
polysiloxane backbone. The photoinitiator N-DPD is extremely stable under one-photon
conditions, and no polymerisation in the cladding material occurs, even when exposed to
light. A thermal post treatment was carried out on a number of demonstrators, which
improved the functioning of the waveguides. One noticeable change was the appearance of
the waveguide structures, which appeared darker, and were visible by eye in the matrix
material. Secondly the photocurrent of the thermally treated demonstrators increased in
nearly every case, signifying the stability of the written waveguides.

9.2 Refractive Index Measurements - Ellipsometry

It was important to determine the difference in refractive index achieved upon the
photopolymerisation of the acrylate functional groups, so ellipsometry measurements were
performed. Using spectroscopic ellipsometry, the refractive index of the thin films could be
measured at different wavelengths, including the telecom and datacom wavelengths.
Samples containing the silanol polymer cross linked with 10 wt. % acryloxymethyl trimethoxy
silane were prepared. The samples were prepared in duplicate, so that one sample could be
exposed to UV light using a spot cure lamp. The samples were spin coated onto silicon
slides to produce a thin homogeneous film. The samples exposed to UV light represent the
core of the waveguide. Using the photoinitiator Irgacure 379 can lead to particles in the very
thin layers required which leads to problems with the analysis. Therefore N-DPD was used
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and samples were illuminated for a longer period of time. The illumination time was
monitored by FT-IR spectroscopy to achieve a high double bond conversion of the acrylate
functional group. A Cauchy fit displaying the increase of refractive index at different
wavelengths is presented in Figure 93, with the difference in refractive indices at telecom and
datacom wavelengths included in Table 28. The results showed that at the three
telecommunication wavelengths, the refractive index difference between the illuminated and
non-illuminated material was 0.01. It is likely that a silanol terminated matrix material cross-
linked with 20 wt. % acryloxy crosslinker would show a bigger increase in the refractive index
upon illumination. Samples prepared using 20 wt. % of the acryloxy cross linker, used in TPA
experiments, showed a very high contrast when viewed using phase contrast microscopy,
suggesting a higher refractive index difference is achieved using higher amounts of cross

linker.

Table 28: Description of refractive indices at different wavelengths, of the cladding
and core material

Refractive index

Wavelength (nm) (cladding) Refractive index (core) An
840 1.477 1.488 0.011
1310 1.471 1.481 0.01
1550 1.470 1.480 0.01
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Figure 93: Cauchy fit of the refractive index of the illuminated and non-illuminated
silanol terminated polysiloxane cross linked with 10 wt. % acryloxymethyl trimethoxy
silane using N-DPD as photoinitiator

9.3  NIR Spectroscopy

Optical waveguides need to have low optical losses, particularly at the major
telecommunication wavelengths, which are 1310, 1550 and 840 nm. To determine whether
absorbance’s in these regions are causing optical losses, and deem the silanol matrix
material unsuitable for waveguide structuring, near infrared spectroscopy was carried out.
Samples were prepared in plastic cuvettes, which could then be broken open to form free
standing cubes of material. This avoided problems with the interfaces between air and plastic
when measuring the blank sample. Samples were prepared consisting of the silanol
terminated polymer, cross linked with 20 wt. % acryloxymethyl trimethoxy silane, with 0.1 wt.
% Sn catalyst. Samples also contained 0.025 wt. % N-DPD. One sample was left non
illuminated, to represent the cladding material surrounding the waveguides, and the second
sample was illuminated on each face of the cube for 20 seconds using a spot cure lamp (light
intensity of 1.4 W/cm? Following UV exposure, the photoinitiator N-DPD tends to turn a
deeper yellow colour, so it was important to compare the optical losses of the “core” material
against the cladding material. Spectra were recorded of both materials in the NIR region,
from 200 nm to 2500 nm.

The spectra are presented in Figure 94. The results show the transmission at the
telecommunication wavelengths are 90 % at 840 nm, 86 at 1310 nm and 64 % at 1550 nm
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for the non illuminated sample, and 91 % at 840 nm, 87 at 1310 nm and 65 % at 1550 nm for
the illuminated sample. The spectra of the illuminated and non-illuminated samples revealed
no major optical losses, due to the fact that the OH groups, which are known to be highly
absorptive in the 1550 nm region, as well as aliphatic C-H groups”’, are only present on the
terminal polymer chains, and the methyl groups on the polymer chain were partly substituted
with phenyl groups. The optical losses in dB were calculated for the telecom and datacom
wavelengths, for the UV illuminated and non illuminated samples (Table 29). As expected,

the calculated losses in dB/cm were low, with no functional groups contributing to optical
losses.

100

Transmission / %
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400 800 1200 1600 2000
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Figure 94: NIR spectra of non-illuminated (dashed line) representing the cladding
material, and illuminated (solid line) representing the waveguide core material of
silanol terminated polysiloxane cross linked with acryloxymethyl trimethoxy silane
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Table 29: Optical losses calculated in dB/cm from the NIR spectra, for illuminated and
non illuminated samples

Wavelength (nm) dB/cm (non illuminated dB/cm (illuminated
9 sample) sample)
840 0.41 0.46
1310 0.59 0.65
1550 1.85 1.87

9.4 TPA Material Tests
9.4.1 TPA Material Tests using N-DPD

For All TPA material tests, mixtures based on the silanol terminated polysiloxane, cross
linked with 20 wt. % acryloxymethyl trimethoxy silane were used, as described in Section 6.2.
Once a pre curing step had been performed, the material had a high enough viscosity and
was scraped onto optical glass slides and rigid breakable FR-4 substrates. TPA material
testing was then carried out to determine whether this material was suitable to be used as a
matrix material to structure optical waveguides. To carry out TPA material testing, thin films
of material (400-500 ym) were used to determine which laser power was most suitable to
fabricate non-interrupted waveguides with a high contrast. A detailed description of the laser
set up, and conditions are included in section 7.3. To observe the waveguide structures after
the TPA structuring, phase contrast microscopy was used. The waveguides, structured using
different laser powers were observed, and any burns or interruptions in the structures were
indentified. Further samples were prepared on rigid breakable substrates, used to structure
shorter waveguides, which could be cut, in order to observe the cross sections of the
waveguides. Optical microscopy was used to observe the shape, and diameter of single
waveguides and bundles of seven waveguides. Laser powers of between 160 and 260 yW
were used. Phase contrast microscopy images of the inscribed waveguide structures are
presented below in Figure 95, Figure 96 and Figure 97. The phase contrast images revealed
high contrast waveguide structures, with cross sections of up to 40 ym achieved. Higher
laser powers had to be used to achieve the clear waveguide structures; however, observing
the image in Figure 95, it was possible to use a large fabrication window to structure. A laser
power of 260 yW was used to effectively burn the material, in order to locate the waveguide
structures more easily using the optical microscope; however laser powers of between 180 to
220 yW produced non interrupted, high contrast waveguides with large cross sections. The
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material, under the microscope appeared to be homogenous, with no phase separation
visible, or any trace crystals of photoinitiator. The material was also fully flexible and using a
rotary cutter, samples prepared on rigid breakable substrates were able to be structured, and
clean cuts prepared to reveal well defined cross sections of single waveguides, structured at
different laser powers, and also waveguide bundles, depicted in Figure 98 and Figure 99.
Waveguide bundles were also structured successfully and characterised with phase contrast
microscopy. The bundles were structured with a distance of 20 ym between the 7 bundles,
and it was discovered a laser power of 210-220 uyW produced the best waveguide structures,
with no interruptions or burns. Once waveguide bundles had been successfully structured, it
was decided, following successful cut back measurements, where the optical waveguides
were characterised and optical losses were calculated; that the structuring of demonstrators
would be carried out, using rigid and rigid flex mounted substrates. The results of the

structuring can be found in the following sections.
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Figure 95: Phase contrast microscopy image of written waveguide structures written
using different laser powers, using silanol terminated polysiloxane cross-linked with
20 wt. % acryloxymethyl trimethoxy silane, and 0.025 wt. % N-DPD

Figure 96: Phase contrast microscopy image of written waveguide structures using
silanol terminated polysiloxane cross-linked with 20 wt. % acryloxymethyl trimethoxy
silane and 0.025 wt. % N-DPD
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Figure 97: Phase contrast microscopy image of written waveguide structures using
silanol terminated polysiloxane cross-linked with 20 wt. % acryloxymethyl trimethoxy
silane and 0.025 wt. % N-DPD

Figure 98: Optical microscopy image of written waveguide bundle using silanol
terminated polysiloxane cross-linked with 20 wt. % acryloxymethyl trimethoxy silane
and 0.025 wt. % N-DPD

Figure 99: Optical microscopy image of written waveguide cross sections using
silanol terminated polysiloxane cross-linked with 20 wt. % acryloxymethyl trimethoxy
silane and 0.025 wt. % N-DPD
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Figure 100: Phase contrast microscopy image of written waveguide bundle using
silanol terminated polysiloxane cross-linked with 20 wt. % acryloxymethyl trimethoxy
silane and 0.025 wt. % N-DPD - laser power 210 yW

To show that TPA structuring could also be carried out in not only thin films but 3D samples,
a solid cube of the silanol terminated material was prepared, and a field of waveguides were
structured, as well as a bundle. Optical microscopy was used to in couple light into the
structures, revealing the waveguide cross sections in the cube, shown in Figure 101.

Figure 101: Optical microscopy image of written waveguide field as well as bundle,
structured using different laser powers in a 3D sample of silanol terminated
polysiloxane cross-linked with acryloxymethyl trimethoxy silane — 0.025 wt. % N-DPD

9.4.2 TPA Material Tests using Butyl-N-DPD

A series of TPA material tests were performed using butyl-N-DPD, in a concentration of 0.05

wt. %. The samples appeared red in appearance when prepared and it is likely a lower

concentration can be used to perform TPA. The waveguide cross sections were very difficult

to discern, an example of which is shown in Figure 103. However using phase contrast

microscopy, waveguide structures with extremely high contrast were written, along with a

very large cross section. This modified N-DPD displays excellent TPA properties, however
162



for wave guiding it is possible that the brightly coloured matrix and waveguides will result in
optical losses of the material, with the guiding of the light affected. It was not possible using
the optical microscope, to in couple light into the waveguides to be able to observe the cross

sections clearly.

Figure 102: Phase contrast microscopy image of inscribed waveguide structures in
silanol terminated polysiloxane cross-linked with 20 wt. % acryloxymethyl trimethoxy
silane and 0.05 wt. % butyl-N-DPD

Figure 103: Microscopy image of written waveguide cross sections in silanol
terminated polysiloxane cross-linked with 20 wt. % acryloxymethyl trimethoxy silane,
0.05 wt. % butyl-N-DPD

9.5 Determination of the Optical Losses of TPA Written Waveguides — Light
Extraction and Cut Back Measurements

9.5.1 Introduction

Following successful TPA material tests, measurements were performed to determine how
well the waveguide structures function, and to check the optical losses. Cut back techniques
are common, in measuring the transmission, attenuation and bandwidth of optical fibres and
waveguides’®. A detailed description of the experimental technique and sample preparation
is included in section 10.4. These experiments were performed by Dr. Nicole Galler, at the
University of Graz.
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9.5.2 Results

Using a rotary cutter, a clean cross section of the material was possible, enabling the in
coupling of light and light extraction tests to be performed. The cross section of the material
achieved using a rotary cutter is shown in Figure 104, with the cross sections of the
waveguides, structured using different laser powers clearly visible. Using optical microscopy,
it was also possible to characterise the cross sections of the written waveguides, by adjusting
the focus of the light. Following the successful cutting of the material, it was possible to in
couple the light into all six inscribed waveguides with the optical fibre. Four out of the six
waveguides tested appeared to be clear, circular and functioned well, shown in Figure 105.
The results are presented for two waveguides, given as WL2 and WL3 in graphs showing the
optical losses at different path lengths in Figure 106 and Figure 107. The optical losses
measured for the two waveguides, structured with laser powers of 210 and 190 yW were
measured to be 2.21-2.65 dB/cm and 1.4-2.3 dB/cm. These results were the first to be
carried out on System C and the low optical losses, as well as the successful light extraction
investigations on all the written waveguides, suggest the waveguides function exceptionally
well. Further cut back measurements were performed on waveguides which received a post
thermal treatment, leading to even lower optical losses being measured.

Substrat RL2 WL3 WL2 WL1 RL1
Luft J—

Figure 104: Waveguide cross sections observed by optical microscopy, inscribed
using silanol matrix cross linked with 20 wt. % acryloxymethyl trimethoxy silane
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Figure 105: Out coupled light from TPA structured waveguides using laser powers of

200 and 210 pW
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Figure 106: Cut back results - determination of optical loss at different path lengths of
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Figure 107: Cut back results - determination of optical loss at different path lengths of
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A further sample was thermally treated at 150 °C for 1 hour, to determine whether the optical
losses decrease when the material is stabilised. Once again in all attempts at in coupling of
the light was successful.

The results of the thermally treated sample revealed the waveguides functioned remarkably
well. A good cross section of the material was prepared, with all waveguides being observed.
Light could be in coupled into the waveguides, with an example of WL3, structured with a
laser power of 210 pW, presented in Figure 108. Cut back measurements performed on this
sample gave an optical damping of 0.59 dB/cm, when RL1 was tested, and 0.81 dB/cm when
WL1 was tested, which was structured using a laser power of 230 uW. A higher optical loss
of 1.26 dB/cm was measured from using the waveguide structured with a lower laser power
of 210 pW.

A second sample, prepared in the same way; but omitting the thermal post treatment, was
compared to the thermally treated sample. Once again all waveguides could be observed,
and light could be in coupled. Cut back measurements were performed on 2 waveguides,
WL1 and WLS3, structured using laser powers of 230 and 210 yW respectively. The results
gave an optical loss of 0.43 + 0.30 dB/cm for WL1 and 0.22 + 0.57 dB/cm for WL2. Images of
the written waveguides and bundles are seen in Figure 109, Figure 110 and Figure 111. This
suggests that although the thermal treatment improves the appearance of the waveguides,
the optical loss measured is not affected considerably. Low optical losses were measured for
all the samples investigated proving the waveguides structured in this material function well,
with the optical losses considerably lower than previous optical materials.

=

=4
=4
==

|

RL1 WL1 WL2 WL3 WL4 RL2

Figure 108: Test cut of silanol matrix cross linked with 20 wt. % acryloxymethyl
trimethoxy silane — cut achieved with rotary cutter
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Figure 109: Out coupled light from waveguide structured with a laser power of 210 and
230 W

Figure 110: Waveguide bundle cross section observed by optical microscopy,
inscribed using a laser power of 220 yW

$5 ] . ‘-

WL1 WL2 WL3 WL4
023mwW 022mwW 021TmwW 0.20 mW

Figure 111: Waveguide cross sections observed by optical microscopy, inscribed with
different laser powers
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9.6 Fabrication of Optical Interconnects
9.6.1 Fabrication of 7 cm Rigid Boards

The description and design of the PBCs used for the fabrication of the demonstrators are
included in Section 7.4. This section describes three different types of demonstrators, which
are separated into three sections. Rigid and rigid-flex substrates, 7 cm in length, used with
previous optical materials, as well as 15 cm rigid substrates were used to study the wave
guiding capabilities of the silanol polysiloxane. 7 cm rigid substrates were the first to be
fabricated, with waveguide bundles aligned between the mounted diodes. First attempts
showed the material performed remarkably well, with a number of demonstrators containing
only a few waveguides. Following the structuring of only one waveguide, the photocurrent
increased substantially, displaying the high quality of the single waveguides. All
demonstrators performed well, with a continuation in the increase in the photocurrent
observed after a few days storage. Laser powers of 190 yW were used to structure the
waveguide bundles, with depths of between 200 and 300 um.

A noticeable difference when using this material to fabricate demonstrators was the increase
in photocurrent following the TPA structuring. With previous materials, there was a tendency
of the photocurrent to decrease in the days after the waveguides were structured. Using the
silanol terminated polysiloxane; the photocurrents detected remained stable during the two
day storage period, and increased in nearly all cases. A chart including the detected
photocurrents is presented in Figure 112.
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Figure 112: Detected photocurrents before, after and after storage of demonstrators
structured using rigid boards
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9.6.2 Fabrication of 7 cm Rigid-flex Boards

With previous materials, structuring of demonstrators using rig-flex demonstrators was more
of a challenge, as due to the design, the waveguides need to be written over a small step,
where the polyimide foil is attached to the FR-4 substrate. In contrast, using this material,
extremely high photocurrents were achieved, with no scattering centres observed over the
step. Waveguide bundles with a laser power of 220 yW were structured correctly between
the mounted diodes. An average photocurrent of over 250 pA was achieved, with once
again, a large increase in the photocurrent observed after only the first waveguide was
written. In all tests, the material was prepared in the same way, using only 0.025 wt. % of the
photoinitiator N-DPD. Preparing the layers to produce a smooth, even surface was found to
be the best way to achieve high photocurrents, as it was easier to determine the correct
positions of the active areas on the mounted diodes. This was the case with most of the rigid-
flex substrates, prepared by either scraping the material across the substrate, or drop casting
the material, to enable the frame around the substrate to be completely filled. A table
including the photocurrents before and after structuring are included in Figure 113.
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Figure 113: Detected photocurrents before, after and after storage of demonstrators
structured using rigid-flex boards

9.6.3 Fabrication of 15 cm Rigid Boards

Due to the successful fabrication of demonstrators using 7 cm rigid and rigid-flex substrates,
longer rigid boards were investigated. To achieve high photocurrents was more of a
challenge using such substrates, as during the TPA structuring, there was more of a chance
of structuring through air bubbles, dust particles, or inhomogeneous sections in the material.
Waveguide bundles were structured in the same way as previously described, with two
demonstrators fabricated. Once again a high photocurrent was detected following the
structuring of a single waveguide, with the final photocurrent following the TPA structuring of
the whole bundle being over 100 pA for both demonstrators. A photofactor of over 6000 was
achieved for both demonstrators, signifying that good quality waveguides were structured,
with low optical losses. The photocurrents of the demonstrators were monitored for a few
weeks after TPA structuring, revealing a substantial increase in the photocurrent, shown in
Figure 114.
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Figure 114: Detected photocurrents before, after and after storage of demonstrators
structured using 15 cm rigid boards

9.7 Long Term Stability Monitoring of Demonstrators

Following the fabrication of the demonstrators, all successful boards were stored in the dark,
and their photocurrent was monitored regularly. What was found for almost all demonstrators
was that following the first week after structuring, a considerable increase in the photocurrent
was observed. Over the next few weeks, a slower increase in the photocurrent was
observed, with stable photocurrents being detected after one month. For 8 months, a number
of demonstrators were monitored, with the photocurrents presented in Figure 115. To
demonstrate the stability of the written waveguides, boards with low photocurrents achieved
are also included, as these also demonstrated an increase, followed by stable photocurrents
over an 8 month period. The exact reason for the increase in photocurrent is unknown,
however phase contrast microscopy, as well as visual inspection reveals the appearance of
the waveguides changes. Usually, following the TPA, the waveguides can only be seen very
faintly by eye; however following storage of the demonstrators, as well as thermal treatments
of 100 °C enables the waveguides to be observed more clearly. The waveguides possibly
increase in size following the TPA process, which would certainly explain the increase in
photocurrent, as more light is in coupled into the waveguides. The refractive index difference
between the waveguide and cladding may also increase, due to water and methanol,
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products from the curing process, evaporating from the cladding. The interconnected network
of the polyacrylate waveguide core seems to improve following the TPA, attributed to a post
polymerisation, improving the core structure and increasing the light guiding capabilities.

A thermal treatment was carried out on a number of demonstrators following TPA. Due
to the unexplained increase in the photocurrent in the weeks following TPA, it was believed
removing any curing by-products, and stabilising the matrix led to the increase. It is also
important that the waveguides survive the harsh PCB processing steps, including
temperatures of over 200 °C. Demonstrator 1 in Figure 115 is an example of a rigid board,
which was used to determine the thermal stability. Following a thermal step of 150 °C for 30
minutes, the photocurrent was unaffected, however after 1 hour, the photocurrent doubled. A
stable photocurrent was also recorded after a 200 °C thermal treatment for 7 minutes. Over
the next 5 months, the photocurrent continued to increase, remaining stable for over 8
months. It is clear that stabilising the matrix led to higher detected photocurrents. The
demonstrators were also unaffected by 200 °C thermal steps, proving this material
outperforms previous optical materials investigated. All demonstrators have maintained
stable photocurrents since production, displaying the exceptional stability of the waveguides
and cladding. No evidence of localised polymerisation occurring in the cladding material,
even under UV conditions, has been observed.
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Figure 115: Detected photocurrents before, after and after 8 months storage of
demonstrators structured - rigid and rigid-flex substrates

9.8 Data Transfer Properties of Demonstrators

9.8.1 Introduction

The next sections describe a number of investigations carried out by Prof. W. Leeb and G.
Schmid at Vienna University of Technology, Institute of Telecommunications. A summary of
some of the experiments and results of the tests are included here.

The bit rate is the number of bits conveyed or processed per unit of time. In our
investigations the data rates achieved are over 1 Gbit/s (1000000000-bit/s).

The bit error ratio (BER) is the number of bit errors divided by the total number of transferred

bits in a specific time interval. It is unitless, but can be expressed as a percentage.

Two 7 cm rigid demonstrators were investigated for their data transmission capability. A

transmitter laser was used (VCSEL diode, type ULMB850-05-TN-U0101U emitting at a

wavelength of A = 850 nm) with an output of around 2 mW at room temperature. Figure 116

depicts one of the rigid boards investigated. The multimode VCSEL and a GaAs pin

photodiode, type ULMPIN-04-TN-U0101U, both from ULM Photonics were grounded by
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coplanar lines to connect them electrically to the interfaces. The measurements were
performed to estimate the optical losses as well as the data transmission. The photocurrent
vs. the laser current was established, as well as the bit error ratio vs. the data rate.

VCSEL Photodiode

Figure 116: Photograph of the rigid board used to measure data transmission

9.8.2 Determination of Photocurrent vs. Laser Current

To determine the photocurrent at different laser currents, a set up shown in Figure 117 was
used. The laser diode controller drove the laser whilst simultaneously measuring the
photocurrent. The programme used allowed an increase in the laser current in small
increments from I° = 0 up to 12 mA, to determine the photocurrent (l5). The results are shown
in Figure 118. The solid and dashed lines correspond to the I4-1 characteristics. At the normal
operating photocurrent of I° = 6 mA, the two boards maintained photocurrents of 182 and 169
MA. The optical power at a laser current of I° = 6 mA of the multimode VCSEL used on the
demonstrators was P. = 2 mW in air’®. Using this value and the measured photocurrents of
the demonstrators, the approximate value of the entire optical loss (A) in dB can be
calculated using the equation:

P S-P
A=10-log,,| -~ |=10-1o L
gm(Pd] gm( I, ]

The photodiodes used on the demonstrators had a sensitivity of S° = 0.6 A/W®®': This is the

absolute spectral sensitivity and is expressed in amperes per watt. For example the radiant
power at a specific wavelength A falls on the active area of the photodiode, and generates a
photocurrent is the ratio between the generated photocurrent and the radiant power which
falls on the detector.

P4 is designated as the optical power detected by the photodiode. The optical losses were
calculated as (A) = 8.2 and 8.5 dB for the two rigid boards investigated.
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Figure 118: Photocurrent |4 vs. laser current | of both measured rigid boards (WT-3

denotes the temperature dependent data transmission measurements performed on
the boards)

9.8.3 Determination of Bit Error Ratio (BER) vs. Data Rate

The second part of the measurement was carried out using the set up shown in Figure 119.
The laser diode controller provided the DC laser bias of 1° = 6 mA, and the bit error ratio
tester (BERT) created a test pattern with a modulation voltage of V, = 385 mV, consisting of
a pseudo random bit sequence length of 2°'-1. The BERT is the electronic test equipment
used to test the quality of the signal transmission. Bias tees, which are used to inject DC
currents or voltages into RF circuits, added the DC bias voltage for the photodiode (U = 2V),
along with the laser bias current (l). Both boards showed the lowest BER when only the

amplifier shown in the set up was used for conditioning the signal to the data input of the
BERT.
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Figure 119: Setup for measuring the bit error ratio BER vs. data rate ( fc = frequency, V
= gain over frequency, and F = noise figure )

As shown in Figure 120, it was possible to transmit signals with a rate of nearly
R = 4.5 Gbit/s with BER < 10 via board PCCL_816. Board PCCL_866, where slightly higher
optical losses were determined, allowed data transmission of up to R = 6.5 Gbit/s.
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Figure 120: Bit error ratio (BER) vs. data rate R of both tested boards

Boards PCCL 816 and PCCL 866 were the first boards used for such tests, with both
boards showing acceptable entire optical losses. Both boards allowed transmission of high
data rates, as summarised in Table 30.

Table 30: Summary of the measurement results using boards 816 and 866

Measured photocurrent  Calculated optical losses

Demonstrator Maximum data rate with
l/uA A/dB BER < 10”/ Gbit/s
PCCL_816 182 8.2 4.25
PCCL_866 169 8.5 6.5

9.8.4 Temperature Dependent Data Transmission Properties of Demonstrators

This section describes measurements carried out to test the data transmission properties of
the opto-electronic circuit boards at various ambient temperatures. The optical losses of both
tested boards, PCCL_816 and PCCL_866, showed only low temperature dependence, with a
general tendency to decrease with increasing temperature. For board PCCL_816 the entire
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calculated losses decreased from 8.9 dB at —-20°C to 7.2 dB at +80°C. Board PCCL_866
showed a similar behaviour within the same temperature range, with the losses decreasing
from 11.7 dB to 10 dB. A description of the boards and an image are presented in section
9.8.1. For the measurements, the following were performed. Firstly the photocurrent vs. the
ambient temperature for both boards was measured. Secondly, eye diagrams at four
different discrete temperatures were then performed for board PCCL_866, as this board
showed better data transfer properties.

The photocurrent (l4) at a given ambient temperature (T,) was recorded and the board was
placed in a temperature controlled chamber. The laser diode controller drove the laser diode
with a constant current of if | =6 mA. The temperature was increased linearly inside the
chamber, with a gradient of 1 °C/min from T, = -20°C to +80°C.

Temperature chamber Espec SU-221

h 4

Ambient temperature T,

|
Laser diode Laser drive [ — DUT
'T'?]r;trﬁglkl)esr Photocurrent F % [ = |
t t O LD PD
— | DC-8001 measurement inpu y

A

Figure 121: Setup for measuring the photocurrent l; vs. ambient temperature T..

Figure 122 shows the ls- T, characteristics of the boards in the temperature range from
-20°C £ T, <+80°C when the laser was driven at the usual DC operating current. Both
boards showed a low temperature dependence of the photocurrent, with the maximum
photocurrent recorded at ambient temperatures.
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Figure 122: Optical loss A vs. ambient temperature T, of two PCBs. (/ designates the
laser current).
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9.9 Eye Diagrams

An eye diagram is used in telecommunications to form an oscilloscope display, by which a
digital data signal from a receiver is sampled and applied to a vertical input, while the data
rate is used to trigger the horizontal sweep. The pattern is viewed like a series of “eyes”.
When the signals are too long, too short or noisy, this can be determined by examining the
eye diagram. An open eye represents minimum signal distortion, and a closed eye signifies a
distorted signal, due to inter-symbol interference and noise®.

So-called eye diagrams obtained by properly synchronising an oscilloscope display of the
digital signal received were recorded to assess the transmission quality at a range of ambient
temperature Ta, After placing the PCB into a temperature chamber eye diagrams at Ta = -
20°C, +20°C, +40°C and +80°C were taken at a data rate of 4 Gbit/s. Best results were
observed at Ta=+40 °C and +80 °C, with the eye diagram recorded at +40°C.The wide
vertical opening of the eye indicates a low bit error ratio.

Figure 123 depicts the set up for the recording of the eye diagrams at given temperatures.
The laser diode provided the DC bias current of | = 6 mA. The bit error ratio tester (BERT)
created a test pattern with a modulation voltage V,, = 385 mV, consisting of a pseudo-
random bit sequence of length 2 ’-1 with a data rate of R = 4 Gbit/s. Bias tees added the DC
bias voltage for the photodiode (U = 2 V) as well as the laser bias current I. An amplifier was
used to condition the signal before feeding it to the oscilloscope.

Figure 124, Figure 125, Figure 126 and Figure 127 display the eye diagrams at ambient
temperatures of T,=-20°C, T,=+20°C, T, =+40°C and T, =+80°C. Only at the lowest
temperatures of -20 °C did the eye opening drop slightly, indicating a near constant data

transmission quality over a wide temperature range.
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Figure 123: Setup for recording eye diagrams at various temperatures

~17 mV/Div

Figure 124: Eye diagram at an ambient temperature of T, =-20°C at a data rate of
R =4 Gbit/s
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Figure 125: Eye diagram at an ambient temperature of T, = +20°C at a data rate of
R = 4 Gbit/s

]

16 mV/Div

Figure 126: Eye diagram at an ambient temperature of T, = +40°C at a data rate of
R = 4 Gbit/s.
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Figure 127: Eye diagram at an ambient temperature of T, = +80°C at a data rate of
R =4 Gbit/s

9.10 Thermal Cycle Testing

A final set of measurements were carried out on a rigid-flex board to determine the changes
in the photocurrent at different temperatures. In this test, the photocurrent was measured
online whilst the ambient temperature was altered. The temperature profile used was 25 °C
for 30 minutes, 25-75 °C for 30 minutes, 75 °C for 30 minutes and 75-25 °C for 30 minutes.
The board was measured alongside a board made with another optical material, Ormocer,
which has been used previously as a wave-guiding material, yielding high photocurrents and
low optical losses®. Board number PCCL 865 was measured against ATS TPA2 90
(Ormocer). The results are presented in Figure 128. It can clearly be seen that our optical
material shows much lower temperature dependence, with around a 50 % change of the
photocurrent. The results showed that the photocurrent was stable also on the rigid-flex
boards. The board showed a very low temperature dependency and a high photocurrent was
recorded throughout, displaying the suitability of this material for such applications.
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TCT-Photo Current Measurement
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9.11 Conclusion

Comparing the three optical materials developed and characterised, System C proved to be
the most promising. The material was found to be thermally stable, non-toxic, and easily
processed. A number of optoelectronic PBCs were fabricated, including 7 cm and 15 cm rigid
substrates and 7 cm rigid-flex substrates. When the demonstrators were prepared with a flat,
homogeneous layer of material and the waveguides were correctly aligned, extremely high
photocurrents were achieved. Light extraction tests and cut-back measurements revealed
the optical losses of the waveguides were lower than the two previous materials, and the size
and shape of the waveguides were also better. The detected photocurrents of the
demonstrators remained stable following TPA structuring, with nearly all demonstrators
showing a rapid increase in the photocurrent over a period of weeks. This was not observed
with System A and B, whose photocurrents decreased following structuring. What seems to
be a great advantage with this material is that there is no need to carry out a post baking
step to remove any remaining monomers. The monomers are attached to the polymer
backbone, and are stable, so no post treatment is required. Post thermal treatments carried
out on Systems A and B led to decreases in the photocurrent, due to either damage to the
waveguides or shrinkage of the material. Fully functioning optoelectronic PBCs were
developed, and have remained stable for over nine months. A number of demonstrators
including rigid-flex boards and 15 cm rigid boards were used to investigate the data
transmission properties. The results from all data transmission testing revealed the optical
waveguides displayed satisfactorily transmission rates at varying temperatures, along with

entire optical losses in the range suitable for our requirements.
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10 Experimental

10.1 Gas Chromatography

Gas Chromatography was performed on samples of System A, to determine the amount of
methacrylate monomers remaining following thermal curing. Preparation of System A is
described in Section 4. Samples of the polysiloxane matrix were prepared on glass slides
with a layer thickness of 500 um. A thermal treatment of 80 °C for 25 minutes was performed
on one sample, with the other sample also treated at 100 °C for 20 hours (40 mbar).
Following an extraction technique using CH.Cl, to swell the matrix, the samples were
analysed by GC. 0.9 g of material was scraped off the slides and an extraction was carried
out for 24 hours. A small amount of BHT was added to the samples to avoid polymerisation
after the extraction. A quantitative study was carried out by using a calibration method. The
column used was HP-5 5% phenyl methyl siloxane. The inlet heater was set to 120 °C, with a
pressure of 0.817 bar. A total flow of 17.5 ml/min was used, with a split ratio of 5.0. Standard
solutions were made up of the three monomers in CH.Cl,, which were then diluted to gain a
calibration curve ranging from 0.1 -0.02 wt. %. The internal standard used was heptane-
(density 0.684, b.p 98.4 °C); 1 uL was added to the samples using a micro syringe. Following
the measurements, the corresponding peaks were integrated to gain a true area. The
calibration curves obtained are shown in Figure 129, Figure 130 and Figure 131. An external
calibration method was also carried out to compare the results.
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Figure 129: PMA calibration using Internal method - normalised GC peak area vs.
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EGDMA Calibration - Internal Standard Method
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Figure 131: EGDMA calibration using Internal method — normalised GC peak area vs.
concentration

10.2 High Performance Liquid Chromatography (HPLC) — Determination of the
Amount of Photoinitiator Remaining Following Thermal Treatments (System A)

HPLC was performed on samples of System A to determine the concentration of Irgacure
379 remaining following thermal curing and thermal finishing treatments. The polysiloxane
matrix was prepared as described in section 4.2 and containing 1.8 wt. % Irgacure 379. The
material was scraped onto glass slides, with a thickness of 300 um. A thermal step of 80 °C
for 25 minutes was performed on all samples, followed by a thermal step of 100 °C for 20
hours (40 mbar) on half the samples. A final thermal step of 170 °C for 18 hours was then
performed on one sample. Each sample was removed from the glass slides, weighed and
placed in a sealed glass flask, with 10 mL CHCI,, and stirred for 24 hours at room
temperature. Following the extraction, the remaining residue was dissolved in 10 mL CH;CN.

After constructing a calibration curve using different concentrations of Irgacure 379 (Figure

132) the concentrations and percentage of the photoinitiator remaining in the matrix material
was calculated. The results are presented in section 4.2.5.
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Figure 132: HPLC calibration curve constructed using different concentrations of
Irgacure 379 — concentration vs. peak height

10.3 Synthesis of 2-methyl-1-naphthyl-methacrylate

To improve the refractive index difference between the cladding and waveguide core in
System A, a number of naphthyl derivatives were investigated. A naphthyl methacrylate
monomer, 2-methyl-1 naphthyl-methacrylate was synthesised to determine whether it could
be incorporated into System A. Naphthyl derivatives have high refractive indices but the
monomer is more difficult to remove from the system following TPA structuring.

The following materials were obtained from Sigma Aldrich, and used as received. 2-methyl-1
naphthyl methacrylate was synthesised by adding 1-methyl-2 naphthol (500 mg, 0.0042 mol)
to CH,Cl, (12.5 mL) and triethylamine (0.57 mL). The components were placed in a 2 necked
flask, placed in an ice bath and stirred. Methacryloyl chloride (0.41 mL) was dissolved in 1
mL CH,Cl, and added dropwise under constant stirring. Following the addition, the reaction
mixture was allowed to stir for 2 hours, and then at room temperature for 1 hour. The
precipitated triethylammonium chloride was filtered off, and excess solvent removed by
rotary evaporation. The residue was dissolved in ether, and washed twice with 0.1 % NaOH
solution. The residue was purified on a silica gel column with 5:1 cyclohexane:ethyl acetate
as eluent. 0.55 g of an off white solid was obtained (78 % yield). The reaction is presented in
Figure 133.
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"H (500MHz, 20°C, CDCly): 5=12.10 (1H, s), 8 =2.40 (3H, s), 5=5.92 (1H, s), 3 =6.59
(1H, s), §=7.22 (1H, d) §=7.38 (1H, dd), 5 =7. 42 (1H, d), $=7.50 (1H dd), § =7.60 (1H,
d), 5=7.80 (1H, d)

OH 0
Cl Et;N O O
+ R —
9 we

Figure 133: Synthesis of 2 methyl -1 naphthyl-methacrylate

10.4 Head Space Gas Chromatography

10.4.1 Sample Preparation — Calibration

In System B, high refractive index acrylate monomers are incorporated into the matrix to form
the waveguide core. The remaining monomers need to be completely removed from the
material following TPA structuring. To determine whether the parameters currently used
during the thermal steps remove the monomers, Head space GC was performed. Poly
diphenyl dimethyl siloxane, epoxy propoxy terminated was hardened with 1,3 bis(3-
aminopropyl) tetramethyl siloxane in a 1:1 ratio of active hydrogen equivalent weight and
epoxy equivalent weight. The sample was first pre cured at 80 °C for one hour to increase
the viscosity of the material. Acrylate monomers, (benzyl acrylate, ethylene glycol phenyl
ether acrylate and 1, 3 butanediol diacrylate), were added in different weight percentages to
each sample. Samples containing 0.5, 1, 2, 3, 4 and 5 weight percent of the acrylate
monomers in total, were made up and mechanically stirred for 20 minutes. Each sample was
then scraped onto optical glass substrates with a layer thickness of 300 um. The samples
were then cured in a saturated acrylate atmosphere to avoid volatilization during curing, for
20 hours at 50 ° C. Each of the thin layers was then scraped off the glass slides, and 50 mg
was accurately weighed into tall glass vials. The samples were analysed in duplicate, and
measured at the same time as the unknown samples.

Three samples were prepared to determine the weight percent of acrylate monomers
remaining in the matrix following different thermal treatments. All three samples were

prepared with the same starting materials as the calibration films. Each sample contained 3.3
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wt. % of each of the three selected monomers, so 10 wt. % total monomers in the films. The
film thickness was no more than 300 ym thick. Sample 1 was then left for one week, in
ambient conditions, by placing it in a non air-tight petri dish, to determine how stable the
acrylate monomers were in System B. It is desirable to determine what percentage of
monomers are present in the matrix when structuring is carried out, as well as whether the
monomers diffuse out from the matrix if not stored in closed conditions. Sample 2 was given
a thermal treatment of 80 °C for 20 hours, 40 mbar. Sample 3 was given a thermal treatment
of 100 °C for 20 hours, 40 mbar. All samples were analysed in duplicate. The weight of the
sample films analysed are presented in Table 31 along with the weights of the three acrylate
monomers present in the matrix. Samples 1, 2 and 3 are described in Table 32.

Table 31: Calibration sample weights

Sample Weight Weight Weight 1,3 Weight ethylene

description (mg) benzyl butanediol glycol phenyl ether
acrylate (mg) | diacrylate (mg) acrylate (mg)

0.5wt.% (1) 54.60 0.091 0.091 0.091

0.5 Wt.% (2) 52.41 0.087 0.087 0.087

1 wt.% (1) 51.01 0.17 0.17 0.17

1 wt.% (2) 51.61 0.17 0.17 0.17

2 wt.% (1) 53.50 0.36 0.36 0.36

2 wt.% (2) 50.95 0.34 0.34 0.34

3wt.% (1) 50.16 0.5 0.5 0.5

3 wt.% (2) 52.30 0.52 0.52 0.52

4 wt.% (1) 52.28 0.7 0.7 0.7

4 wt.% (2) 50.22 0.67 0.67 0.67

5wt. % (1) 50.29 0.84 0.84 0.84

5wt % (2) 51.35 0.86 0.86 0.86
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Table 32: Unknown sample weights — starting weight of 10 wt. % total monomer

Sample description Weight (mg)
Sample 1 — 50 °C curing, 20 51.56
hours, Stored in ambient

conditions (1)
Sample 1 — 50 °C curing, 20 52.02

hours, stored in ambient

conditions (2)

Sample 2 — 80 °C, 40 mbar 50.34
Sample 2 (orange, thicker) — 52.86
80 ° C, 40 mbar

Sample 3 (thin layer) - 100 50.97
°C 40 mbar

Sample 3 ( thicker layer) - 50.35
100 °C, 40 mbar

Sample 3 (thick layer) - 100 52.03
°C, 40 mbar

10.4.2 Analysis Conditions

The 50 mg thin film samples were placed in tall glass vials and sealed tightly, making sure
the films were broken into small pieces. A blank sample of air was first analysed, followed by
a second blank, epoxy amine resin containing no acrylate monomers. This sample revealed
no peaks which would interrupt the interpretation of the three peaks corresponding to the
acrylate monomers. The procedure carried out, included each sample being heated to 150
°C for 150 minutes to volatise the acrylate monomers in the samples. A full scan MS was
carried out, from 15 to 550 amu. After all samples were run, five peaks could be clearly
identified. The three peaks corresponding to the acrylate monomers were present, along with
two other compounds, discovered to be benzyl alcohol and phenoxyethanol. These two
compounds were not present in the epoxy-amine resin only samples, so are likely to be
degradation products from the acrylate monomers. The five monomers are described in
Table 33.
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Table 33: Description of detected monomers

Monomer Structure Retention Boiling
time point (°C)
(minutes)
benzyl alcohol 6.18 205
OH
phenoxyethanol O\/\ 8.42 247
[ j OH
benzyl acrylate O 8.74 110-111 (8
/n\/ o
o
1,3 butanediol o} O 9.11
diacrylate \/“\ )\/\ )]\/
~ 0 o /
ethylene glycol 10.90 111 (2.7 mm
phenyl ether Hg)

acrylate

o

The calibration curves were first constructed with each separate sample, and then with an

average of the two peak areas. Benzyl acrylate and 1,3 butanediol diacrylate gave

reasonable calibration curves, however phenyl acrylate showed a lower concentration than

expected, which is likely to be due to either the 150 °C heating step of the samples not being

sufficient enough to volatise all the monomer, or the degradation product phenoxy ethanol

playing a bigger part in the percentage of the overall acrylate monomer. Therefore a

calibration curve was also constructed including the peak area of the phenoxy ethanol, to

determine the amount of ethylene glycol phenyl ether acrylate that degrades. The calibration

curve for each monomer is presented below. The peak areas for the unknown samples are

presented in Table 34.
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Benzyl acrylate
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Figure 134: Calibration curve, Benzyl acrylate — average of two analysed sample films
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Figure 135: Calibration curve, 1,3 butanediol diacrylate — average of two analysed
sample films

194



Ethylene glycol phenyl ether acrylate
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Figure 136: Calibration curve, ethylene glycol phenyl ether acrylate — average of two
analysed sample films

Table 34: Peak areas and calculated weight percent of each selected monomer

(starting wt. % 3.3 of each monomer)

Sample 1 (no Peak area wt. % Fraction of Fraction of

thermal treatment (average) monomer monomer monomer

— 1 wk ambient remaining in | remaining in | removed from

conditions) matrix (starting | matrix (%) matrix (%)
wt. % 3.3)

Benzyl acrylate 1.07 x 10° 2.8 85 15

1,3 Butanediol

diacrylate 6.50 x 108 3.3 100 0

Ethylene glycol

phenyl ether 3.07 x 10® 1.8 54 46

acrylate

Ethylene glycol 5.09 x 10° 1.8 54 46

phenyl ether

acrylate + phenoxy

ethanol
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Sample 2 (80 °C
thermal treatment,
40 mbar)

Benzyl acrylate

1,3 Butanediol
diacrylate

Ethylene glycol
phenyl ether
acrylate

Ethylene glycol
phenyl ether
acrylate + phenoxy
ethanol

2.28 x 108
2.47 x 108

6.12 x 107

2.80 x 108

0.2
1.1

>0.16

>0.16

34

>5

>5

94
66

<95

<95

Sample 3 (100 C
thermal treatment,
40 mbar)

Benzyl acrylate

1,3 Butanediol
diacrylate

Ethylene glycol
phenyl ether
acrylate

8.65 x 107

1.25 x 10°
1.58 x 10’

>>0.16 (3)

0.3
>>>0.16 (5)

>>5

>>>5

<95
91

<95

10.5 Determination of the Optical Losses of TPA Written Waveguides — Cut Back
Measurements
Light extraction tests and cut —back measurements were performed on System C, in order to
determine the optical losses. The optical fibre set-up is shown in Figure 137. In this type of
experiment, the waveguide is cut into different known lengths, and the optical power through
the waveguide is measured compared to the output. Both ends of the waveguide need to be
accessible for in coupling and out coupling of light. This makes measurements difficult to
perform if bad cross sections are produced or the material is too soft to prepare smooth

surfaces.
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Figure 137: Optical fibre set up used to perform cut back measurements

Three samples were prepared on 7 cm rigid-flex substrates to perform light extraction and
cut back measurements. The samples contained 0.025 wt. % N-DPD, and had layer
thicknesses of ~ 300 um. The samples were prepared by structuring a field of waveguides
with laser powers of 190-250 yW in 20 pW intervals. Two waveguide fields were structured
consisting of 6 waveguides, 20 ym apart, with laser powers of 260, 230, 220, 210, 200, and
260 yW. The waveguides structured with 260 yW were used as markers for the waveguides,
as at this laser power, the material burns, thus making the other four waveguides easy to
locate. A bundle of seven waveguides was also structured in each sample. One sample was
given a thermal treatment of 150 °C for 1 hour, to determine whether the optical losses
decrease. To carry out the measurements, the samples were first cut with a rotary cutter, and
the waveguide cross sections were observed in the optical microscope. In coupling of light
was then carried out using an optical fibre ( Ag = 850 nm). It was possible to then observe
each of the 4 waveguides using the monomode fibre when the light was in coupled. The cut-
back measurements were then carried out by cutting the waveguides into different lengths,
(38, 34, 33, 28, 24, 20 and 15 mm. The optical loss for each waveguide length was then
measured, using a Monomode fibre (Butt-Coupling, Faser FS-SN-4224). It was possible to
achieve an effective cut for each sample, so each sample was able to be measured. Results
of these measurements are presented in section 9.5.
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11 Methodology

The following section outlines all instrumental techniques used during this project, outlining
some of the general methods and a description of the apparatus used.

11.1  STA-MS

To determine the thermal stability of the developed materials, along with the analysis of
compounds being removed during thermal steps, Simultaneous Thermal Analysis (STA)
coupled with Mass Spectrometry (MS) was performed. The model of the instrument was a
Netzsch STA 449 C coupled with an Aeolos 32 MS.

11.2 Ellipsometery

To determine the refractive index of a number of illuminated and non illuminated samples of
the developed materials, spectroscopic ellipsometry was performed A Woollam VASE
spectroscopic ellipsometer was employed (Xenon short arc lamp, wavelength range 240 nm-
1100 nm, spectral bandwidth 5 nm). The implemented software uses the Levenberg-
Marquardt fit algorithm. Using the ellipsometric data, the dispersion of the refractive index
(Cauchy fit) was able to be obtained.

Ellipsometry is the primary method by which the optical constants of thin films can be
determined. Ellipsometry measures the change in the polarization state of light which is
reflected from the surface of a sample. By preparing thin films of our material, elipsometric
spectroscopy could be performed on UV illuminated and non-illuminated samples, to
determine the increase in refractive index upon polymerisation. The refractive index
difference between the core and cladding for waveguides is dependent on the dimensions
and wavelength of the light source, however for our applications, a difference of between
0.003 and 0.1 is required

11.3 FT-IR Spectroscopy

To characterise all components used in the development of the optical materials, FT-IR
spectroscopy was performed. Time-base FT-IR spectroscopy was also carried out on a
number of samples, to monitor the double bond conversion of monomers used to form the
optical waveguides. To perform the measurements, a Perkin Elmer Spectrum One, with
pyroelectric DTGS-detector (Deuterated triglycine sulphate) and a classic KBr optic were

used.
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Time-based FT-IR spectra were recorded with an FT-IR spectrometer (Spectrum One, Perkin
Elmer). Samples were spin coated onto gold coated silica plates to obtain thin films. Samples
were placed inside a wide angle reflection cell, which was purged with nitrogen.

11.4 Spot Cure Lamp - lllumination Experiments

For single-photon irradiation experiments, an Omicure s1000 spot cure lamp was used, with
a standard 320-500 nm filter. llluminations were carried out under nitrogen atmosphere, with
the light guide 7 cm above the thin films of the optical material. The lamp used had an output
of 18 W/ cm?.

11.5 Near Infrared Spectroscopy

Near infrared spectroscopy was carried out on an NIR spectrophotometer with integrating
sphere. (PerkinElmer Lambda 950). The silanol material was cured in plastic optical
cuvettes, which were broken open to produce free standing samples. One sample was
irradiated using an omicure spot cure lamp, to induce polymerisation.

11.6 Microscopy

The microscope used to record images of the waveguides was an Olympus BX 51. The
microscope can be used in light field, dark field and phase contrast modes, and images can
be captured using analysis Five software from Soft Imaging System.

11.7 High Performance Liquid Chromatography (HPLC) coupled with Mass

Spectroscopy (MS)

To perform HPLC, an LCQ Advantage MAX Ultra Sensitive LC-MS/MS lon Trap System
(Thermo Electron) was used, containing the following: Surveyor MS Pump Plus, Surveyor
Autosampler Plus, Surveyor PDA Detector and an ESI Probe. The settings of the MS
included:

Sheath Gas Flow Rate: 20 a.u

Spray Voltage: 6.5 kV

Capillary Temperature: 200 °C

Capillary Voltage: 3 V
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Tube Lens Offset: 10 V
The LC settings included:
Hypersil Gold CN Column, 150 m x 2.1 mm, 3 ym + Guard column (Thermo Electron)
Flow Rate: 200 pL/min
Injected Volume: 10 yL

11.8 Headspace Gas Chromatography

The instrument used was a Perkin Elmer, headspace sampler HS 40, coupled to a 5890
series gas chromatograph. The column had a length of 30 m, and a diameter of 0.25 m, with
helium as the carrier gas. The injection temperature of the sample was 270 °C and the oven
temperature was set at 325 °C.

11.9 Rheology

11.9.1 Rheometer

To determine the viscosity of some of the materials investigated, rheology was used.The
instrument utilised was an Anton Paar Physica cone-plate rheometer, which allows

thermostatted operation.

11.9.2 Principles of Rheology

Viscosity is a property of liquids which indicates the resistance to flow. Displacement
(deformation) occurs when force is applied to a volume of material. If two plates with an area
A, (depicted in Figure 138) are separated by a fluid of distance H and are moved at velocity
V, by a force F, relative to each other, then Newton’s law states that the shear stress, which
is the force divided by the area parallel to the force, F/A, will be proportional to the shear
strain rate (V/H). This is known as the dynamic viscosity, (n). The shear strain is quantified
by the displacement per unit height (D/H) and the rate of this effect or the strain rate is the
velocity per unit height (V/H). The viscosity is therefore the tendency of the fluid to resist flow
and is defined as:

n = Shear stress

Strainrate (Pas)
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Area, A Displacement, D

; > Velocity, V

V= Dltime
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Stress = F/A | Strain rate = WH

Figure 138: Laminar shear of fluid between two plates. Friction between the fluid and
the moving boundaries causes the fluid to shear. The force required for this action is a
measure of the fluid's viscosity.

Parameters

Storage modulus (G’): This can be defined as the ratio of shear stress to strain or
deformation, when dynamic deformation is applied when using a cone and plate rheometer.
This represents the elastic portion. It relates to the elasticity of the polymer, the loss
modulus (G ) and in dynamic measurements, relates to the viscous behavior. G, together
with G, give an idea of the dual nature of the polymer melt, which is a partly elastic and
partly viscous fluid. These measurements, which were performed together, provided
information on the curing behaviour.

Complex modulus: Sometimes stated as dynamic modulus, is the ratio of stress to strain
under vibratory conditions.

Complex viscosity: Complex Modulus divided by Angular Frequency.

11.10 Abbe Refractometer

To determine the change in the refractive index between the cladding and core of the epoxy
polysiloxane material following UV irradiation, an Abbe refractometer was utilised. This
devise is used to measure the refractive index of solid samples such as glass, plastics and
polymer films. A schematic description of the refractometer is depicted in Figure 139.
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Figure 139: Schematic representation of the Abbe refractometer

202



12 Summary and Outlook

This work describes three different optical materials, to be used as matrix materials on PBCs.
The first material, developed from hydride and vinyl terminated polysiloxanes and containing
methacrylate monomers, was thermally cured via a hydrosilylation reaction. The material was
fully characterised via FT-IR and STA analyses. Optimisation of the material was performed
by changing the monomers and investigating different thermal steps to remove all monomers
following TPA in order to stabilise the material. Optical characterisation was performed by
means of determining the refractive index change between the cladding and waveguide core,
performing cut back investigations and conducting a number of TPA material testing, where
optical waveguide structures were inscribed into the material. The structures were
characterised by optical and phase contrast microscopy. Finally optoelectronic printed circuit
boards were developed, which could then be used to monitor the increase in photocurrent
arising from the connection of mounted optical components. An increase in the photocurrent
was observed following TPA structuring, and a number of demonstrators maintained a stable
photocurrent for over a year. Although the material has a high thermal stability, essential post
thermal treatments performed on the demonstrators led to a decrease of the photocurrent.
The chosen photoinitiator, Irgacure 379 was also found to be unstable in the matrix material,
leading to “out blooming” of breakdown products following exposure to light. It was
discovered that the out blooming was detrimental to the waveguides when they were
exposed to light, leading to a decrease in the photocurrent.

In order to be able to carry out TPA testing with the specific two-photon photoinitiator N-DPD,
a new matrix material was developed, in which the hydrosilylation reaction was not used as a
curing method. N-DPD contains triple bonds, which are likely to take part in the Pt catalysed
hydrosilylation reaction, leading to a breakdown of the 1-conjugated system. The matrix
material, based on an epoxy propoxy terminated polysiloxane cross linked with a diamine,
was used in conjunction with more reactive acrylate monomers, and cured at room
temperature. The material had a higher thermal stability than System A, and the incorporated
acrylate monomers were removed from the matrix following TPA more easily. TPA material
testing revealed high contrast, non interrupted waveguide structures which could be
structured with a large fabrication window. Using acrylate monomers in combination with N-
DPD led to waveguides being structured with larger cross sections compared to methacrylate
monomers. Optoelectronic printed circuit boards were fabricated on rigid and rigid-flex
boards; however the post thermal treatment, performed to remove the remaining acrylate
monomers once again led to a decrease in the photocurrent. Using N-DPD as photoinitiator
led to better TPA structuring, and only very low concentrations were needed, however the
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acrylate monomers were still difficult to remove completely from the material, meaning high
thermal post treatments were performed.

To overcome the problems associated with post thermal treatments, it was decided that if the
high refractive index functional group could be attached to a polymer backbone, no removal
of monomers would be necessary. A third material was therefore developed, consisting of a
silanol terminated polysiloxane, cross linked with an acryloxy methyl siloxane. The material
was fully characterised by FT-IR spectroscopy, STA and Ellipsometry. Optical
characterisation revealed the material considerably outperformed Systems A and B, with
exceptional TPA material testing results. Processing of the material consisted of simple
mixing and room temperature curing, with no additional monomers added. N-DPD was
soluble in the material, with no “out blooming” or crystals observed. Waveguide structures
with large cross sections were fabricated, using a wide laser power fabrication window. A
number of thermal steps up to 150 °C revealed that the waveguides and optical material
were stable. In most cases thermally treating the waveguides led to an improvement in the
contrast between the waveguide core and cladding. A number of successful fully functioning
optoelectronic printed circuit boards were fabricated on rigid and rigid-flex substrates, with
extremely high photocurrents achieved. The refractive index difference between the
waveguide core and cladding material, determined by ellipsometry, was found to be 0.01
when 20 wt. % cross linker was added. This is likely to increase following post thermal steps,
as the contrast between the waveguide and cladding visually improves. For the first time,
System C was used on optoelectronic printed circuit boards for characterisation with respect
to data transmission properties. High data transmissions of up to 6 Gbit/s at a bit error rate of
10" were demonstrated, with the material showing low temperature dependence with respect
to the photocurrent as well as the total optical losses. Bend tests conducted using rigid-flex
demonstrators revealed photocurrents and the rate of data transfer only slightly decreased
when deforming the boards.

System C is clearly applicable in the manufacture of optical interconnects, which was the
object of this work. With respect to thermal stability, the material performed extremely well
with respect to STA measurements and post thermal treatments. Systems A and B both
suffered from a loss of photocurrent when thermal treatments were performed, however
when System C was used for demonstrator fabrication, the photocurrent increased following
thermal steps. With respect to optical losses, the fabrication of demonstrators and data
transmission experiments, System C outperformed the other two systems, with work being
continued to optimise the material to be used in the manufacture of optical interconnects.

From the obtained results future work will be based on further optimisation of System C to
develop optical connections on printed circuit boards. Processing of the material is relatively
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simple, concerning the mixing of two components and room temperature curing. Applying the
material to the substrates however, needs to be optimised, as achieving homogenous,
smooth thin films leads to the best possible chance of producing a successful alignment of
the waveguide between the mounted diodes. The nature of the curing of the material means
layers thinker than 400 um lead to an uneven surface, as the top layer cures at a faster rate.
If the layer is too thin, the mounted diodes are not correctly covered, making the exact
position of the active area difficult to locate. Optimum results are obtained when the active
areas on the mounted laser and photo diodes can be determined, which is only possible
when the material layer has a perfectly smooth surface, free of inhomogeneities and foreign
particles.

Further investigations need to be carried out in order to determine exactly why the
photocurrent of demonstrators produced using System C increaseed following TPA
structuring. It is not uncommon for post TPA processes to occur, however demonstrators
monitored for over 6 months revealed a continuing increase of the photocurrent, suggesting
other factors are involved. Optical microscopy can be performed on cross sections of the
waveguides, in order to observe any changes to the size and shape. Another method would
be to perform long term ellipsometry investigations, to establish whether the refractive index
difference between the cladding and waveguide core changes over a period of months.
Preliminary tests on demonstrators which were given thermal treatments between 100 and
150 °C for periods of up to an hour led to an increase in the photocurrent, suggesting either a
change in the waveguide network, or the cladding material was more stabilised due to
removal of any by-products from curing.

Using N-DPD as photoinitiator led to high quality TPA structured waveguides; however the
yellow colour of the photoinitiator leads to a substantial yellowing of the matrix material.
Although NIR spectroscopy revealed no significant absorbance of the material in the
wavelengths of interest, a specific TPA photoinitiator with such a bright colour may lead to
long term stability problems. Other acryloxy functional cross linkers were investigated in
System C, however longer chain cross linkers, leading to promising TPA structuring results,
took much longer to cure, and produced waveguide structures with smaller cross sections.
An acryloxy functional silane bearing phenyl groups is one cross linker which should be
investigated, due to the possibility of achieving a higher refractive index contrast.

System C is suitable to be produced on a larger scale, and once sealed and protected from
moisture, can be stored over a period of months, making the material applicable to be used
as an optical matrix material for flexible printed circuit boards. Transmission of signals with a
rate of up to 6.5 Gbit/s were achieved with the demonstrators produced, with rigid-flexible

boards also performing well in all experiments.
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