SKIT 2T

Karlsruher Institut fur Technologie

INK-JET PRINTING FOR ADDITIVE
MANUFACTURING OF OPTICAL WAVEGUIDES ON
POLYMER FOIL SUBSTRATES

Zur Erlangung des akademischen Grades eines
Doktors der Ingenieurwissenschaften (Dr.-Ing.)

von der KIT-Fakultat fiir Maschinenbau des
Karlsruher Institut fiir Technologie (KIT)
angenommene

Dissertation

von

M.Sc. PATRICK BOLLGRUN

Tag der Disputation: 26. 6. 2019
Hauptreferent: Prof. Dr. Jan G. Korvink
Korreferent: Prof. Dr. Thomas Hanemann



Patrick Bollgriin: Ink-jet printing for additive manufacturing of optical
waveguides on polymer foil substrates, © July 2019



Autor

Adresse

Hauptreferent

Korreferent

Priifungsvorsitzender

Bearbeitungszeitraum

Datum der Disputation

Patrick Bollgriin

Karlsruher Institut fiir Technologie
Institut fiir Mikrostrukturtechnik
Hermann-von-Helmholtzplatz 1

76344 Eggenstein-Leopoldshafen

Prof. Dr. Jan G. Korvink

Institut fiir Mikrostrukturtechnik
Karlsruher Institut fiir Technologie
Prof. Dr. Thomas Hanemann

Institut fiir Mikrosystemtechnik

Universitdt Freiburg

Karlsruher Institut fiir Technologie

2/2013-6/2017

26.6.2019






mévto, PEl.






ABSTRACT

Electronic circuits are facing limitations in terms of bandwidth, and,
in some cases, application compatibility. A possible alternative tech-
nology to overcome these limitations are optical waveguides — but
they are still only used in the form of discrete cables, and lack the
level of integration in fabrication and application which is common
for electronics. What is needed is a technology that is able to create
integrated optical waveguides on planar substrates in a way that is
technologically and industrially feasible. In this thesis, several promis-
ing technologies that are able to fulfil these requirements are evalu-
ated, among which ink-jet printing is selected as the most promising
method.

Several optically transparent ink materials were evaluated - two
commercially available, solvent based inks, and an in-house devel-
oped, solvent-free formulation that employs a reactive diluent to reach
the viscosity required for ink-jet printing. Two inks were used to
print tracks, which were evaluated in their ability to guide light. The
solvent-free material was chosen for further experiments, because it
was more compatible with the selected PMMA substrate.

After demonstrating the ability to create uncladded waveguides,
several different concepts to create a printed lower and upper cladding
were evaluated. A design with an ink-jet printed core, an ink-jet
printed upper cladding, and the substrate as lower cladding was se-
lected. Samples of different length were fabricated, and the transmis-
sion properties were measured. The results show a relatively high
attenuation value of 1.4dB/cm, with the main contribution to this
value from the bulk attenuation of the selected material.

Unlike electrical tracks, optical waveguide structures require a cer-
tain aspect ratio in order to carry light and enable light coupling. This
requirement can be difficult to achieve with ink-jet printing, because
stacked, uncured layers of a printed track tend to spread out across
the substrate. Two methods to control the ink behaviour on the sub-
strate were developed and investigated: Thermally induced pinning,
and a so-called Lightplate.

The first method uses heat and time to induce pinning at the edge
of the printed track. By waiting a certain time interval between de-
positing the individual layers, the edge of the printed track spreads
out less on the substrate. As a result, consecutively deposited layers
show a higher aspect ratio.

The second method, the Lightplate, is a device that uses a transpar-
ent substrate plate which confines UV-light by total internal reflection
at the surface and metallic reflection at the edges. A droplet of a UV-
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polymerisable liquid that is deposited on the Lightplate breaks the
confinement, causing light to couple into the droplet and cause poly-
merisation. A prototype was built to evaluate if the Lightplate is able
to affect the morphology of printed structures. Polymerisation could
be demonstrated, but no effect on the morphology was found.

To achieve the first step towards a network of optical waveguides
with integrated functional components, a suitable light source was de-
veloped. After dismissing the concept of waveguide-integrated, chip-
based LEDs due to the high complexity in fabrication and the re-
quired supply of electrical power on the polymer substrate, a much
simpler solution was found. By printing fluorescent materials op top
of the printed waveguides, a light source that requires neither electri-
cal tracks nor precise optical alignment could be realised. Inks with
red and blue fluorophores were characterised, and the red material
chosen used to create a robust prototype of an optical waveguide with
integrated light source fabricated entirely by ink-jet printing.
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ZUSAMMENFASSUNG

Elektronik stofst immer oOfter an die Grenzen der moglichen Band-
breite und Anwendungskompatibilitit. Um diese Grenzen zu {iiber-
winden, sind Lichtwellenleiter eine mogliche Alternative — aber diese
werden nach wie vor als individuelle Kabel verwendet, und erreichen
noch nicht den Integrationsgrad, welcher in Herstellung und Anwen-
dung bei Elektronik tiblich ist. Hier ist eine Technologie notig, welche
die Herstellung integrierter Lichtwellenleiter auf planaren Substraten
in einer technologisch und industriell sinnvollen Weise ermoglicht.
In dieser Dissertation werden mehrere vielversprechende Technolo-
gien, welche diese Anforderungen erfiillen konnen, verglichen, und
Tintenstrahldruck als vielversprechendste ausgewdhlt.

Mehrere optisch transparente Tinten wurden untersucht — zwei
kommerziell verfiigbare, l6sungsmittelbasierte Tinten, und eine 16-
sungsmittelfreie Formulierung, welche am Institut entwickelt wurde.
Hier wird die fiir Tintenstrahldruck noétige Viskositdt mittels einem
Reaktivverdiinner erreicht. Zwei der Tinten wurden zum Drucken
von Linien verwendet, welche dann auf ihre lichtleitenden Fahigkeiten
hin untersucht wurden. Das l6sungsmittelfreie Material wurde fiir
weitere Experimente ausgesucht, da es sich als geeigneter fiir das
gewdhlte PMMA-Substrat herausstellte.

Nachdem ungeschirmte Lichtleiter erfolgreich hergestellt werden
konnten, wurden mehrere Konzepte fiir eine gedruckte untere und
obere Mantellage evaluiert. Eine Ausfiihrung mit tintenstrahlgedruck-
tem Kern, tintenstrahlgedruckter oberer Mantellage, aber der Sub-
stratfolie als untere Mantellage zeigte sich hier am geeignetsten. Test-
muster unterschiedlicher Langen wurden hergestellt, und die Licht-
leitungseigenschaften gemessen. Die Ergebnisse zeigen eine relativ
hohe Dampfung von 1.4 dB/cm, mit der Volumenddmpfung der ge-
wiahlten Tinte als Hauptursache.

Anders als elektrische Leiterbahnen benétigen Lichtwellenleiter eine
gewisse Hohe, um Licht zu fiithren und das Ein- und Auskoppeln zu
ermdglichen. Mit Tintenstrahldruck ist diese Anforderung nicht leicht
zu erfiillen, da mehrere iibereinandergedruckte, fliissige Schichten
die Tendenz haben, zu zerflieSen, und sich auf dem Substrat auszu-
breiten. Zwei Methoden, um das Verhalten der Tinten auf der Sub-
stratfolie zu steuern, wurden erarbeitet und untersucht: Thermisch
induziertes Pinning, und die sogenannte Lightplate.

Die erste Methode nutzt Warme und Zeit, um Pinning an der Kante
einer gedruckten Linie zu erzeugen. Indem eine gewisse Zeit zwi-
schen dem Drucken einzelner Schichten abgewartet wird, breitet sich
die Kante einer gedruckten, mehrlagigen Linie weniger weit auf dem
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Substrat aus. Im Ergebnis zeigen nacheinander gedruckte Schichten
ein hoheres Aspektverhdltnis.

Die Zweite Methode, die Lightplate, ist ein Gerit, bei der eine trans-
parente Substratplatte verwendet wird, um UV-Licht durch Totalre-
flexion an der Oberfliche und metallischer Reflexion an den Kan-
ten zu sammeln. Wenn ein Tropfen einer UV-polymerisierbaren Fliis-
sigkeit auf der Oberflache der Lightplate landet, wird die Totalreflex-
ion gebrochen, und das Licht koppelt in den Tropfen ein, wo es eine
Polymerisationsreaktion auslost. Ein Prototyp wurde gebaut, um zu
evaluieren, ob das Konzept fahig ist, die Form von gedruckten Struk-
turen zu beeinflussen. Polymerisation konnte gezeigt werden, ein Ein-
fluss auf die Form allerdings nicht.

Um den ersten Schritt zu einem Netzwerk von Lichtwellenleitern
mit integrierten funktionalen Elementen zu machen, wurde eine Licht-
quelle entwickelt. Nachdem das Konzept einer chipbasierten, wellen-
leiterintegrierten Diode wegen zu hoher Komplexitit in Herstellung
und der notigen Versorgung mit elektrischem Strom auf dem Poly-
mersubstrat verworfen wurde, trat eine viel einfachere Losung her-
vor. Indem ein fluoreszentes Material auf gedruckte Lichtwellenleiter
aufgebracht wurde, konnte eine Lichtquelle realisiert werden, die
weder elektrische Energie noch prizise Ausrichtung benétigt. Tinten
mit roten und blauen Fluorophoren wurden charakterisiert, und das
rote Material wurde verwendet, um einen robusten Prototypen eines
Lichtwellenleiters mit integrierter Lichtquelle vollstandig mittels Tin-
tenstrahldruck herzustellen.
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INTRODUCTION

1.1 MINIATURISATION OF ELECTRONICS

Our everyday life is ruled by an incessant presence of computers and
smartphones. This is only possible because the individual electronic
components can be connected in a compact fashion, which is achieved
with patterns of electrically conductive tracks, called printed circuit
boards (PCBs). Before the availability of this technology, which was
patented in 1943 [1, 2], the elements of electronic devices had to be
connected by individual wires, which prohibited compact design and
hampered an effective fabrication with low error rate. Only after the
availability of preprepared PCBs that could easily be fitted with the
correct electrical parts was it possible to manufacture electronic de-
vices in an efficient manner. Eventually, lithography techniques re-
placed printing for the creation of the conductive tracks and enabled
track widths significantly below 0.1 mm. This development, in combi-
nation with integrated circuits, enabled electronic technology to reach
the level of development we see today.

Figure 1.1 shows an audio amplifier which employs both technolo-
gies, PCBs and open wires, visualising the benefits of printed circuit
boards. Through adoption of PCB technology, and miniaturisation
of electrical elements and their integration into electronic chips, the
functionality of the device shown in 1.1 can today be integrated in a
much smaller volume - the audio electronics of a smart phone typi-
cally have footprints below 1 cm?, including the necessary wiring.

-

-

PHiuPS

Figure 1.1: Photograph of a 1975 audio amplifier (RH734, Philips,
Eindhoven, Netherlands), with a footprint of approximately
60 cm x 30cm. While most electrical elements are on PCB’s, the
design still relies on open wire connections, which had to be sol-
dered individually by hand.



INTRODUCTION

Although electronic technology is used in all aspects of modern life
and suitable for numerous applications, there are certain limitations.
Electromagnetic fields, coming either from adjacent electrical tracks
or the environment, cause interference and hereby reduce signal qual-
ity, effectively limiting data rate. Especially at high frequencies in the
GHz range, signal cross-talk between the electrical tracks [3] and a
high ohmic resistance due to the skin-effect [4] pose a barrier for the
further development of the technology.

To overcome this limitation, an alternative to electrically conductive
tracks that carry electric pulses is required. A suitable technology are
optical waveguides that carry light pulses. Neither is the optical pulse
density limited by the optical attenuation, nor does an optical signal
interfere with adjacent waveguides, except at distances below 1 um.

Additionally, there are many sensor concepts that are based on op-
tics, like spectroscopy and optical resonance. For such sensors, a high
integration can be reached if the light is not created for each sensor
individually from electrical power, but supplied directly by an entire
network of of optical waveguides.

1.2 OPTICAL WAVEGUIDES IN A NUTSHELL

An optical waveguide is a device that uses an optically transparent
material to carry a light beam by the phenomenon of total internal
reflection (TIR). This effect occurs when light from an optically trans-
parent material with a given refractive index encounters an interface
to another transparent material with a lower refractive index at a rel-
atively flat angle. Here, the light is reflected at the interface back to
the original medium, and continues to travel within the material with
the higher refractive index without significant attenuation from this
reflection. By this phenomenon, the optical waveguide in a fibre optic
cable can carry a light pulse over many kilometres [5].

The first experimental demonstration of an optical waveguide was
performed by D. Colladon in the 19th century [6]. He used a jet of wa-
ter running from a water tank into a bowl to demonstrate that a beam
of light which enters the jet horizontally follows the curvature of the
water jet, hereby illuminating the bowl. The experiment is shown in
Figure 1.2, with the illuminated bowl] at the bottom. However, as this
phenomenon lacked a useful application, and sufficiently bright light
emitters were still fragile sources of fire-hazard, the setup was merely
considered a scientific toy. Only after the development of data trans-
mission technology by light pulses through fiberoptic cables and the
availability of compact light sources and detectors did the concept of
optical waveguides find wide application [7].

While the experimental demonstration of the effect could be done
with a liquid, it is an engineering challenge to fabricate solid opti-
cal waveguides that are sufficiently robust for everyday use. Electri-
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Figure 1.2: Colladon’s "light pipe", demonstrating how a jet of water is able
to curve the path of a beam of light. Reprinted from public do-
main [8].

cal cables only require an uninterrupted track of electrically conduc-
tive material and a sufficient protection against mechanical and elec-
tromagnetic influences from the environment for functionality. Opti-
cal waveguides are more complex, and require a highly transparent
waveguide core material to minimise bulk scattering, an enclosing
cladding layer made from a second highly transparent medium with
a defined refractive index step to create TIR with an optically smooth
interface to minimise reflection scattering, a third layer for mechan-
ical protection, and a cross-section geometry that does not cause re-
fraction of light out of the waveguide core.

Because of the requirement of smooth surfaces, the first experimen-
tal demonstration of an optical waveguide was achieved with a liquid
material, where the surface tension creates such an surface. And still,
fibre optic cables are typically fabricated by drawing fibres from ma-
terials in the liquid state [9], either polymers or glasses.

Today, optical waveguides have almost entirely replaced electrical
long-distance data transmission infrastructure, because they show
lower attenuation, and are able to support a higher data bandwidth.
The technology continues to replace electrical data transmission in
shorter distances in many applications [5, 10].
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INTRODUCTION

While glasses are the material category that is most commonly re-
lated to optics, there is an alternative material category that is contin-
ually replacing glass: polymers. The reason for this is that polymers
are simpler to handle in industrial processes and and can typically
be processed at room temperature, while glasses have to be handled
at high temperatures and are typically less suitable for rapid mass
production. Additionally, the lower processing temperature enables a
much wider range of potential additives, especially from the typically
temperature sensitive field of organic chemistry, to tune the proper-
ties and add functionalities like fluorescence at certain wavelengths.

An important characteristic of optical waveguides are the number
of modes that can propagate within that waveguide due to the be-
haviour of light as a wave, which is explained in detail in Chapter 3.
If the diameter of the waveguide is in the range of a few pm, only
one mode can propagate straight through. This design is called single-
mode. Larger waveguides allow the propagation of many modes at dif-
ferent reflection angles and are therefore called multi-mode. Both de-
signs have advantages and disadvantages, but this thesis deals with
manufacturing techniques which are only suitable for multi-mode
waveguides.

1.3 OPTICAL WAVEGUIDE NETWORKS

With fibre optic cables typically being the best choice for long distance
data transmission, and integrated optical circuits slowly appearing,
optical waveguide technology is roughly where electrical technology
was 75years ago. In order to create an optical device with a high
level of integration, many individual system elements have to be con-
nected into a network. If the only available means to connect optical
elements are fiber optic cables, a situation similar to the wires shown
in Figure 1.1 occurs. Similarly to microelectronics, the integration of
many individual devices to an integrated microsystem by a planar
network of signal-guiding tracks as an optical analogue to printed
circuit boards is the next logical step for advancing the application of
optical technologies.

However, the tracks to guide the light are not the only system
element that is required to advance the technology of optical net-
works. Equally important are beam splitters, light sources, light de-
tectors, and optical sensors and transducers. An entire network based
only on optical devices would allow a high integration density, with
all benefits known from electronics, like superior efficiency, lower
weight, lower manufacturing cost, etc. One concept that aims to make
use of these benefits are large area optical sensor arrays on polymer
foils [11]. By means of a network of light sources, sensors, and detec-
tors, it would be possible to measure certain physical quantities over
an area, similar to the human skin. Practical applications of suitable
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Cladding

Figure 1.3: Side view of an array of four ink-jet printed optical waveguides
embedded in a printed cladding. In the upper part a), the printed
tracks are shown under ambient light. In the lower part b), one
waveguide is shown to carry light. Reproduced with permission
from [15].

sensor concepts for humidity [12, 13] and elongation [14] are under
research. An important aspect of these sensors is their use of the light
spectrum to show a change of the measurand. This way, the sensors
are insusceptible to the optical attenuation of the optical waveguide
that connects them to the network. Instead, the signal attenuation
could be used to derive the distance between sensor and detector to
identify the position of the sensor in the optical network.

Possible applications for such sensor networks are environments
where a light and flexible array of sensors is desired, like the aerospace
and automotive sector. Alternatively, special environments, where the
use of metals and electrical devices is either not feasible or even
prohibited, like environments with high electromagnetic fields, or
contamination-critical single-use microfluidic devices, appear as use-
ful applications for this concept.

1.4 INTERMEDIATE CONCLUSION - WHAT’'S MISSING?

To fabricate an optical analogue to printed circuit boards, a fabrication
technology that is able to create entire networks of optical waveg-
uides, light sources, detectors, and other devices in an industrially
effective way is required. After finding such a method, optical wave-
guide networks would be able to compete with PCBs for electronics,
with potentially beneficial outcomes for all fields where PCBs are em-
ployed. In this thesis, the suitability of ink-jet printing to fulfil that
role is investigated. In the next chapter, several manufacturing tech-
nologies with demonstrated ability to fabricate optical waveguides
and related key publications will be presented and compared.

1.5 THESIS CONTRIBUTIONS

Within the research that led to this thesis, the first scientific publi-
cation on cladded optical waveguides fabricated entirely by ink-jet

5



INTRODUCTION

Figure 1.4: Printed optical waveguides with ink-jet printed fluorescent light
sources. One element is illuminated by a blue laser, causing red
fluorescence. The light travels along the waveguide and can be
seen at the bottom. The inset shows the cross-section of the wave-
guide with the light source on top. Reproduced with permission
from [16].

printing on flexible polymer foils was published[15]. Transmission
over a distance of up to 50 mm could be demonstrated, as is shown in
Figure 1.3. Because a solvent-free ink with relatively high bulk attenu-
ation was chosen, the waveguide showed a relatively high attenuation
of 1.4 dB/cm. Since the publication of this paper, several other groups
have published in the field with improved attenuation values.

While working on ink-jet printed optical waveguides, it was ob-
served that the line pinning of an oligomer on a heated substrate
does not only depend on the temperature, but also on the deposition
rate of individual layers. This phenomenon, which was not reported
in scientific literature before, was characterised and published.

Additionally, an ink-jet printed, waveguide-integrated light source
based on a fluorescent material that does not require any electrical
elements was developed from concept to prototype[16]. With this de-
sign, a printed optical waveguide could be supplied with light exter-
nally without the need of precise optical alignment of other coupling
structures. The demonstrator that was developed with this method is
shown in Figure 1.4.



STATE OF THE ART

With optical networks being such a promising field, many researchers
have investigated the manufacturing of such structures. In the fol-
lowing chapter, a number of manufacturing techniques with demon-
strated ability to manufacture optical waveguide networks will be
presented, and the achieved optical attenuation will be compared.
Special focus will be given to ink-jet printed optical waveguides, as
this is the topic of the thesis.

2.1 MANUFACTURING OF INTEGRATED MULTI-MODE WAVEGUIDES

Researchers have used both established and novel manufacturing tech-
niques to fabricate multi-mode optical waveguides from transparent
polymers. Many research projects investigated additive manufactur-
ing techniques, which are methods that add material at the exact lo-
cation where it is required, instead of removing unwanted material
from a raw block. This enables a high degree of geometrical freedom,
and is typically more material-efficient. Although already present in
the 1980s, it only gained significant public interest after 2010 due to
the availability of consumer-level machines.

All methods have in common that optical structures with two dif-
ferent refractive indices for core and cladding have to be created. Typ-
ically, the structures are not circular, but flat, and the lower cladding,
the core, and the upper cladding layer are created subsequently. Of-
ten, the substrate forms the lower cladding layer.

In order to connect optical elements like sensors, detectors, and
light sources via networks of optical fibres on a footprint of a few
square centimetres for a small-scale technological application, the op-
tical attenuation of the waveguides should not exceed 1dB/cm in
order to be feasible [17].

Ten techniques with a demonstrated ability to fabricate optical wave-
guides, shown in Figure 2.1, will be presented. The diameter of the
structures typically is between 10um and 100 pum, which puts them
into the domain of multi-modal waveguides.

2.1.1  Lithography

Lithography is an established method for micro-structuring [18]. In
the simplest variant of this process, a layer of photopolymerisable
material is deposited on a flat substrate, and selectively exposed to
ultra-violet (UV) light by means of a shadow mask. Depending on
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Polymerisation-based Relief-based
Lithography Hot-embossing
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Figure 2.1: Working principles of ten methods suitable for the fabrication
of optical waveguides. The substrate is coloured blue, tools are
shown in black, the transparent polymer is light brown when
unpolymerised, and darker when polymerised. The methods are
grouped into three categories: Polymerisation-based techniques,
relief-based techniques, and nozzle-based techniques.

the applied material, either the exposed or the unexposed material is
chemically removed in a subsequent wet-etching step.

A. Borreman et al. [19] used this method to create optical wave-
guide cores from an epoxy-based photoresist (NANO SU-8-25, Mi-
crochem, Newton, MA, USA). The cladding was created by an acry-
late (PMMA, generic) dissolved in chlorobenzene (CgHsCl) with a
ratio of 1:10. The width and length of the quadratic waveguides was
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g4opm, and the attenuation was in the range of 0.5dB/cm between
8oonm and 1100 nm.

J. S. Kim et al. [20] used the same material for the core, but cre-
ated the cladding from thermally more stable Cyclotene (CsHgO3).
With this method, the waveguides could resist temperatures of up to
200 °C for several hours. The measured attenuation was 0.36 dB/cm
at 83onm.

2.1.2  Direct Writing

To perform lithography, a shadow mask is required, which has to be
designed and fabricated in advance, typically by an external supplier.
This means that the realisation of a design change takes weeks. To
enable a more flexible fabrication process, linear tracks can be created
by photopolymerisation directly by a focused laser beam that moves
across the substrate, hereby creating polymerised tracks. This method
is called Direct Writing. Similarly to lithography, the excess material
is subsequently removed by wet-chemical development.

R. Dangel et al. [21] demonstrated that multilayer arrays of optical
waveguides are possible by direct-writing in polyurethanes, acrylates,
or siloxanes. By subsequent deposition of core and cladding layers, a
4 x 12 array of rectangular optical waveguides on a standard PCB
substrate was created. The side length of the waveguides was 35um,
the propagation losses were in the range of 0.05 dB/cm at wavelength
of 850nm.

Later, the group demonstrated this technique with a flexible poly-
imide foil substrate [22]. Here, a silicone material (WG1017, Dow
Corning, Midland, MI, USA) was applied as cladding layer to achieve
elasticity. The waveguide had an optical attenuation of 0.031dB/cm,
also at a wavelength of 850 nm.

However, these results were achieved with a single laser beam,
which makes the technique relatively slow. This disadvantage can be
removed by using a digitally controlled micromirror device (DMD,
Texas Instruments, Dallas, TX, USA) which allows to selectively illu-
minate an entire area. This was demonstrated for single-mode fibres
by M. Rahlves et al. [23].

2.1.3 Self-Writing

An intriguing variant of using a single beam of light to create poly-
merised tracks of material is the self-written waveguide. Here, a ray of
light is created at a point within a volume of unpolymerised material,
either by a collimated laser beam from outside, or an optical fibre
with open facet pointing into the volume. With a suitable wavelength
and material properties, the light causes the material within the beam
to polymerise, thus creating a cylinder of polymerised material.
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As, typically, polymerisation increases the refractive index of a ma-
terial, this cylinder acts as a short optical waveguide, which confines
the light from the fibre facet to the edge of the newly-created wave-
guide. Here, the polymerisation process continues, hereby gradually
prolonging the cylinder. This way, an optical fibre can be written
within a volume of polymerisable material.

S. J. Frisken [24] first demonstrated this technique in 1993 by plac-
ing an optical fibre from a 532nm laser inside a volume of unpoly-
merised, liquid epoxy (undisclosed). On the opposite side of the beam,
a glass microscope slide was positioned, which was observed by means
of a digital camera. After a certain time frame, ranging from sec-
onds to hours, depending on the process parameters, the microscope
slide would show a distinct light point, indicating the formation of a
waveguide. The attenuation was estimated to be less than 5dB/cm at
1550 nm.

Recently, A. Giinther et al. [25] published an application of this
technique. A commercially available acrylate varnish (Syntholux, Syn-
thopol, Buxdehude, Germany), mixed with 3 wt.-% photoinitiator
(Ciba Irgacure 184, BASF, Basel, Switzerland) was deposited on the
interface between two open-ended, butt-coupled fibres. On initiation
of 406-nm laser light (MCLS1-406, Thorlabs, Newton, USA), the fi-
bres were moved away from each other. By constant monitoring of
the transmitted power of this gap, a continuous waveguide was en-
sured. This resulted in optical fibres with a diameter in the range of
100 pm and an attenuation of 0.76 dB/cm at 638 nm, and 0.69dB/cm
at 850nm, respectively [26].

Typically, UV-light is required to polymerise the material, but this
is not always the case. The group by H. Terasawa [27] published an
elaborate material composition consisting of an acrylate monomer, a
radical generator, a hardening accelerator, and a chromophore that
is suitable for two-photon-polymerisation with pulsed infrared light
at 1550nm. With this method, they were able to bridge a 400 pm gap
between two fibres, reducing the attenuation of this gap from 10.65 dB
to below 0.5 dB. However, no value for the attenuation per length unit
was given.

2.1.4 Hot Embossing

Hot embossing is an established method for the microstructuring of
thermoplastic materials. Here, a microstructured stamp is pushed
into a heated material, typically under vacuum to ensure a com-
pletely filled stamp. This way, the microstructures from the stamp are
copied into the material. To create optical waveguides, these grooves
serve as a mould for the optical waveguide cores. Aspect ratios up to
500 % [28] and surface roughness values below 5 nm [29] were demon-
strated. Typically, the polymer substrates have to be in contact with
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the stamp for several minutes [29, 30], which makes the fabrication
technique relatively slow at such aspect ratios. The method can be
made roll-to-roll compatible [31], however with lower aspect ratios.
After creation of the grooves, a core material is deposited by a suit-
able deposition technique, and an upper cladding layer is deposited
on top.

Several research groups have demonstrated the suitability of this
method to fabricate optical waveguides. H. Mizuno et al. [32] showed
that tracks of an UV-curable epoxy resin (undisclosed) filled into hot
embossed tracks in an acrylate substrate (PMMA, generic) allowed
optical waveguides with an attenuation of 0.19dB/cm at 650 nm.

K. B. Yoon achieved 0.2dB/cm at 850nm with the technique [33],
also by using an acrylate (PMMA, Ashahi Glass, Osaka, Japan) as a
substrate, and an epoxy resin (undisclosed, Zen photonics, Daejeon,
South Korea) as core material.

M. Rezem et al. [29] published attenuation values of 0.74dB/cm
(633nm) and 0.09dB/cm (850nm) by using a commercially available
optical adhesive (NOA63, Norland Products, Cranbury, NJ, USA) and
a commercially available acrylate varnish (390119 UV Supraflex, Jae-
necke + Schneemann Druckfarben, Sehnde, Germany) as core mate-
rials in an acrylate substrate (Plexiglas Film 99524, Rohm (Schweiz)
AG, Briittisellen, Switzerland). The material was deposited by doctor-
blading, the fabricated grooves had a rectangular cross-section of
25um X 25 pm.

2.1.5 E-Field Lithography

An unusual method to create micro-structures is e-field lithography.
The method is related to hot-embossing as it uses a prefabricated
master tool. However, this tool is not imprinted into the substrate by
heat and pressure, but used as patterned capacitor plate that creates
an electric field between the master tool and the transparent polymer.
The resulting electrostatic attractive force causes the liquid to lift and
form elevated structures, which are polymerised by UV light while
the structures continue to grow under the electric field. The suitabil-
ity of this method to create optical waveguides was demonstrated
by T. Hin et al. [34]. By using a polysiloxane material (Lightlink, Mi-
croChem, Westborough, MA, USA), optical waveguides with height
and width of so0pm, and an attenuation of 1.97 dB/cm at 850nm
could be created. Similar to hot-embossing, the method is relatively
slow, because the process takes several minutes to result in suffi-
ciently large structures.

11
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2.1.6  Flexographic Printing

Another method related to hot embossing is flexographic printing. This
method also uses a stamp (called printing plate), but not to create
grooves in a substrate, but to collect and deposit material (called ink,
because it is a printing method) selectively on an untreated substrate
foil. It is therefore an additive manufacturing method. The method
is commonly used in a roll-to-roll setup for graphic printing because
of its exceptionally high throughput of up to 35 m?/s at a minimum
feature size of 50 um [35].

With this method, T. Wolfer et al. were able to create optical waveg-
uides [35]. By printing an acrylate varnish (UV Glanzlack praegefae-
hig, Jaenecke + Schneemann Druckfarben, Sehnde, Germany) in sev-
eral layers on an acrylate foil (Plexiglas Film 99524, R6hm (Schweiz)
AG, Briittisellen, Switzerland), an attenuation below 0.5 dB/cm at
635nm [16] could be achieved. The substrate sheets were 40cm long
and 30cm wide and carried arbitrarily shaped optical network pat-
terns.

Additionally, the method of flexographic printing was used to de-
posit wetting conditioning lines on a polymer foil [36—39]. Then, aerosol-
printing was used to deposit material between the conditioning lines,
where it self-assembled to continuous tracks. This allowed the fabri-
cation of 300 um wide and 50 pm high lines. However, no attenuation
data on this technique is available yet.

2.1.7 Direct Dispensing

Direct dispensing is a relatively simple fabrication method which dis-
penses a prepolymer on the substrate through a fine needle. Leng et
al. [40] demonstrated that this method allows for the fabrication of
optical waveguides with an attenuation below 0.1dB/cm at 633nm
by dispensing an optical adhesive (NOA63, Norland Products, Cran-
bury, NJ, USA). However, laser-ablated trenches in the substrate were
required to maintain the shape of the deposited material. Therefore,
this work can also be seen as a complementary element of hot em-
bossing, or similar techniques that create such grooves.

The problem of maintaining the cross-section shape on flat sub-
strates was solved by Dingeldein et al. [41]. By careful tuning of the
dispensing pressure, needle gauge, and deposition speed, continuous
waveguides with an attenuation of 0.1 dB/cm could be demonstrated
on untreated substrates. By application of pressures up to 500 kPa,
photo-patternable polysiloxanes (OE 4140, OE 4141, Dow Corning,
Midland, MI, USA) developed for photolithography as cladding and
core were dispensed through needles with gauges between 21 and 33
onto FR4-substrates.
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Optical waveguides with a width between 25 pm and 200 pm and
an aspect ratio in the range of 1/10 could be fabricated. By increasing
the non-volatile content of the dispensed material from 70 % to 85 %,
thus increasing the viscosity and the necessary pressure, a higher as-
pect ratio was possible, which resulted in waveguides with an optical
attenuation as low as 0.06 dB/cm at 850nm. A dissertation [42] gives
detailed overview of the work.

2.1.8 Mosquito Method

A variant of direct dispensing is the so-called Mosquito-Method. Here,
the dispensing needle is not moved over a substrate, but pushed into
another liquid prepolymer, which forms the cladding. By moving the
needle through the liquid cladding layer, the needle creates a furrow
with the waveguide core at the bottom, which closes after the nee-
dle has passed. An important benefit of this method is that core and
cladding materials are in liquid state after deposition, which allows
for a diffusion of the interface before polymerisation. The result of
this is a graded index waveguide, which reduces the modal disper-
sion commonly seen in multi-modal optical waveguides.

S. Morikawa and T. Ishigure [43] demonstrated that by depositon
of a mixture of P3FMA and PMMA into another with a different
mixing ratio through an air-pulse dispenser (ML808FXcom, Musashi
Engineering, Tokyo, Japan), it is possible to create optical waveguides
with a circular cross-section. By using high viscosities ranging from
10 Pa-s up to 25Pa-s, core diameters below 50 um were possible.

K. Soma and T. Ishigure showed suitable process parameters to cre-
ate circular, graded index fibers with a core diameter of 40 pum [44].
Both core and cladding materials were silicone resins (Core: FXW712,
Cladding: FXW713, ADEKA, Tokyo, Japan). By having a graded in-
dex, an attenuation of 0.033 dB/cm at 850nm could be demonstrated.
Additionally, curved waveguide patterns with bending radii down
to 1mm [45] and multi-core array structures [46] were demonstrated.
Further refinement of the process was achieved with a curved dis-
pensing needle [47].

2.1.9 Electrospinning

Electrospinning is related to direct dispensing, but uses the electromo-
tive force caused by a strong electric field in addition to the mechani-
cal forces to dispense the material from a charged dispensing needle
to a grounded substrate. For this process, the substrate has to be elec-
trically conductive. A review paper by D. Wang et al. [48] explains
the technique and provides a set of basic equations. E. Sutanto et
al. [49] showed that this technique is suitable for the fabrication of
optical microstructures, but the demonstrated structures are single-
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mode, and no attenuation data is given. The technique was applied by
V. Bhatia at the university of Freiburg to create go um wide and 17 um
high structures of a methacrylate-poly(methyl methacrylate) (MMA-
PMMA) polymer resin (Plexit 55, Evonik, Essen, Germany). Function-
ality could be demonstrated with a 785nm laser, but no attenuation
value was measured|[50].

2.1.10 Ink-Jet Printing

Instead of dispensing the prepolymer in a continuous thread, the ma-
terial can also be jetted onto the substrate as individual droplets. This
method is called ink-jet printing [51, 52]. While the common applica-
tion of this technology is graphic printing, the deposition of dyes on
paper or polymer foil, it is also possible to deposit functional materi-
als with this technique. Conductive tracks can be created by printing
a dispersion of metal nanoparticles, which can, for example, be used
to create coils for magnetic resonance imaging [53].

The method also allows to print prepolymers [54] suitable for op-
tical and photonic applications [55], such as organic light-emitting
displays [56], solar cells [57], or micro-lenses [58-60]. For the fab-
rication of optical waveguides, six groups have published research
that investigates the suitability of ink-jet printing. These projects are
presented in the following.

MicroFab

The first scientific paper on ink-jet printed optical waveguides was
published in 1995 by researchers from MicroFab Technologies [61]
(MicroFab Technologies, Plano, USA). Here, hot-melt printing of a
thermoplast (undisclosed) with a refractive index of 1.704 at 145 °C on
a glass substrate heated to 45°C was reported. A drop spacing of
75 um and droplet volume of 65 pl led to continuous, hemicylindrical
lines with a width of 134 um. However, while continuous lines and
even homogeneous beam splitters were demonstrated, no data on the
attenuation of the optical waveguides is provided. A second publica-
tion [62] shows an ink-jet printed 1x16 waveguide splitter, which is
created from 100 um wide tracks. Again, no information is given on
the optical attenuation. The image is shown in Figure 2.2.

Drexel University

In 2010, a single conference paper was published by a research group
from Drexel University [63] (Drexel University, Philadelphia, USA).
Here, a Dimatix DMP 2831 printer was used to print a photoresist
(SU-8 2002, MicroChem, Westborough, MA, USA) on a spin-coated
layer of an optical adhesive (NOA 65, Norland Products, Cranbury,
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Figure 2.2: Ink-jet printed 1x16 optical waveguide splitter by Microfab tech-
nologies. Reprinted with permission from [62]

NJ, USA) carried by a glass substrate. The refractive index of the core
material is given as 1.52, the cladding material is stated to be within
the range of 1.5 and 1.6. By printing at a drop spacing of 15 um, lines
with a width of 34+ 1um and a height of 1.6 pm were created. Af-
ter printing, the waveguide was cladded with a second layer of spin-
coated NOA 65. When measuring the attenuation of a 1cm sample,
an attenuation of of 23.2dB/cm was derived. However, it should be
noted that this value is the sum of the waveguide attenuation and
the coupling losses at the two waveguide facets. No further results
were published by the group. The researchers stated that it was very
difficult to couple light into the structures because they were quite
flat, and the round cross-section of the fibres to couple light into the
samples was incompatible to the flat cross-section of the printed struc-
tures, so a portion of the light was carried by the cladding. Also, it
is possible that the refractive indices of the materials were unsuitable,
as the reported values are very vague, and it was not made clear if the
given values describe the refractive index before or after polymerisa-
tion.

OPCB

Several papers on the topic were published by researchers from the
English Innovative electronics Manufacturing Research Centre (IeMRC)
flagship project Integrated optical and electronic interconnect PCB manu-
facturing, also known as OPCB [64]. The experiments were performed
on modified printheads (760 GS8, Xaar, Cambridge, UK; Jetlab 4,
Microfab, Plano, Texas, USA) with an acrylate material (Truemode,
Exxelis, Edinburgh, UK), of which core and cladding formuations
were available, and an optical silicone (OE4140, Dow Corning, Mid-
land, MI, USA) [65-67] that was viscosity-modified for ink-jet print-
ing by the manufacturer. Having identified the height of printed struc-
tures as a critical issue, a paper [68] was dedicated on the study of

15



16

STATE OF THE ART

the line stability of printed polymer. Several methods to change the
behaviour of the ink on the substrate were shown, including a re-
duced temperature to increase the ink viscosity, the application of a
hydrophobic intermediate layer, and an in situ curing device to poly-
merise each printed layer immediately, instead of deposition of sev-
eral layers and subsequent polymerisation.

As described in a summary publication [69], waveguides with a
width of 155 um and an attenuation of 0.47 dB/cm at 850nm were
fabricated. Special attention should be given to the fact that this re-
sult was achieved with a polysiloxane material, which is commonly
considered unsuitable for ink-jet printing.

Montanuniversitit Leoben

A recent result was published by A. Samusjew et al. [70]. Here, a
formulation of an aliphatic urethane acrylate resin (Genomer 4267,
Rahn AG, Ziirich, Switzerland), combined with ethylene glycol vinyl
ether (EGVE) and 2-phenoxyethyl acrylate (PhEA) was deposited in
a laboratory inkjet printer (DMP 2831, Fujifilm Dimatix, Santa Clara,
CA, USA) on elastic polydimethylsiloxane (Sylgard 184, Dow Corn-
ing, Midland, MI, USA), resulting in an aspect ratio of up to 0.4. The
benefit of this formulation is its mechanical elasticity. The optical char-
acterisation was not included in the paper, but reported to be under-
way.

Instituto de Ciencia de Materiales de Aragon

By printing a monomer with both epoxy and silane functionalities, J.
Alaman et al. [71] were also able to print optical waveguides on glass
slides. At 633nm an optical attenuation between 0.5 and 0.6 dB/cm
was reported.

Centre Suisse d’Electronique et de Microtechnique

Another recent result was published by researchers from Centre Su-
isse d’Electronique et de Microtechnique (CSEM) [72]. The group cre-
ated structures with an aspect ratio of 1:4 by printing tracks in two
subsequent tracks: First, a track of individual droplets was printed.
Then, these droplets were connected by a second row of individ-
ual droplets printed into the gaps between the first layer of droplets,
forming capillary bridges. This way, circular droplet pinning could be
exploited, with linear tracks as result. The core material was an acrylic
polymer, printed on PET foil or glass slide as substrate. The upper
cladding was formed by MgF,. The optical attenuation at 650 nm was
0.61+0.26 dB/cm, with the best sample showing 0.19dB/cm, which
is to date the best published result on the topic.
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2.2 COMPARISON OF THE MANUFACTURING TECHNIQUES

Having presented a selection of methods with demonstrated ability to
fabricate optical waveguides from transparent prepolymers, the next
section will discuss their suitability for mass-production and ability to
be industrially effective. Additionally, the achieved attenuation values
will be compared and discussed.

2.2.1  Suitability for Industrial Use

Several aspects of a manufacturing technique have to be considered
for its suitability for industry. First, the technique should be relatively
fast to allow for cost-effective manufacturing. In most cases, this cor-
relates with the process being planar, which means that an entire area
is structured by the method, and not only one linear track of material.
The second important aspect is the ability for machine flexibility, which
means that the pattern created by the method can be altered without
much effort. This allows for rapid and cost-effective change of pro-
cess parameters and geometries, or even smart and adaptive fabrica-
tion. The third aspect is the ability for contact-free deposition, which
enables the process to be flexibly placed within the process chain. The
fourth aspect is if the method is additive, which reduces raw material
consumption and waste. The classification of the methods into these
four categories is listed in Table 2.1. Cases where the classification is
unclear are represented with brackets and discussed in the text. The
classification is visualised by means of a Venn-diagram [73] in Fig-
ure 2.3. Here, an unclear classification is indicated by only half the
item touching a circle.

Planar

The ability to create structures over an entire area is a critical require-
ment for rapid and cost-efficient mass-production. For example, an
array of dots can be created on a sheet of paper by hand and a pen
very slowly, quicker with a stamp roller, and in a single moment by
a stamp or spray technique. For mass production, such planar meth-
ods are typically integrated into assembly lines and roll-to-roll sys-
tems, which enables to manufacture with a very high through-put.
However, a clear classification is sometimes difficult, as many man-
ufacturing methods can be scaled up by parallelisation, for example
ink-jet printing.

From the discussed manufacturing techniques, lithography, hot-
embossing, e-field-lithography and flexographic printing and are man-
ufacturing techniques that structure an entire area. Direct Dispensing,
the Mosquito Method, and electrospinning require a moving needle.
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Table 2.1: Classification of different aspects of the manufacturing techniques
suitable for manufacturing optical waveguides. Brackets indicate
a limitation, which is explained in the text.

Manufacturing Planar/ Machine Contact-Free? Subtractive /
Method Linear? Flexibility Additive?
Lithography Planar No (Yes) Subtractive
Direct Writing Planar Yes (Yes) Subtractive
Self Writing (Linear) Yes No Additive
Hot Embossing Planar No No Additive
E-Lithography Planar No (Yes) Subtractive
Flexographic Printing  Planar No No Additive
Direct Dispensing Linear Yes (Yes) Additive
Mosquito-Method Linear Yes No Additive
Electrospinning Linear Yes (Yes) Additive
Ink-jet Printing Planar Yes Yes Additive

As several dispensers over one area are difficult to realise, these meth-
ods are considered linear.

Direct Writing and Ink-jet printing are technically also methods
that create a single track. However, the laser beams of direct writing
and self-writing can be moved very quickly, and multiple laser beams
can be used without interference, which allows such a high degree of
parallelisation, up to the point where a micromirror device is used
to selectively polymerise with a high resolution over an entire area.
Therefore, the technique can be considered a planar technique. Ink-jet
printing also has been demonstrated to allow a high degree of paral-
lelisation with thousands of active nozzles, which allows to employ
it in roll-to-roll systems. It is therefore considered a planar technique
as well.

Machine Flexibility

The second aspect is the ability for machine flexibility, which means
that process parameters and geometries can be altered quickly. If
many units of an identical item are mass-produced, this is not a crit-
ical factor. However, the ability to react quickly to customer demand,
even in small batches, is an emerging trend [74]. A process with a high
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Additive

Electrospinning
Direct Dispensing Ink-jet
. Printing
Mosquito Method

Self Writing

Flexographic
printing
Hot Embossing

Figure 2.3: Venn-diagram to visualise the classification of the discussed man-
ufacturing techniques. The only technique that unifies all four
qualities is ink-jet printing.

degree of machine flexibility can do this without the time- and cost-
intensive fabrication of corresponding tools. Additionally, the novel
concept of the smart factory, which incorporates methods that mea-
sure and adapt the fabrication process autonomously in order to im-
prove the quality of the fabricated product, increase yield, and reduce
the required amount of workers in a factory, requires this ability as
well.

The planar manufacturing techniques (lithography, hot embossing,
E-field-lithography, and flexographic printing) all require a pre-shaped
tool. The remaining techniques (direct writing, self-writing, direct dis-
pensing, the Mosquito Method, electrospinning, and ink-jet printing)
employ movable or individually active elements which are digitally
controlled. This allows to alter the created structures at will, or to
manufacture with incremental parameter alterations to reach a de-
sired result.

Contact-Free

The ability to perform a manufacturing step in a contact free manner
typically increases independence regarding the geometry of the man-
ufactured part. This is beneficial for all situations where non-uniform
substrates and parts are processed. Additionally, a contact-free depo-
sition gives a high degree of flexibility in the placement of the man-
ufacturing method in the process chain, because the method does
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not interfere with preexisting structures and discrete elements on the
substrate.

Hot embossing and flexographic printing both require physical con-
tact with the substrate foil to create the structure. Lithography, direct
writing, self-writing and E-field-lithography, on the other hand, don’t
require contact of the tool, but require a layer of dispensed material.
It depends on the situation if this layer interferes with other process
steps. Direct dispensing and electrospinning are technically contact-
free, because the needle is moved above the substrate. However, the
physical forces between the dispensed track on the substrate, the dis-
pensed jet, and the needle, are important elements of the process,
which means that it is not entirely independent of the substrate. For
electrospinning, an electrically conductive substrate is additionally re-
quired. The Mosquito method again is in full contact of a dispensed
layer of material. The only fabrication technique which is genuinely
contact-free is Ink-jet printing. Typically, it is performed at a distance
of several millimetres from the substrate, and therefore tolerates ele-
vated structures, preexisting tracks, or a corrugated substrate.

Additive

Additive manufacturing means that only the required material is ac-
tually deposited. This has several benefits. First, no material waste is
created, which makes the method both ecologically and economically
attractive. A device using this method can also be placed in an envi-
ronment where chemical waste disposal is not feasible. Additionally,
additive manufacturing typically requires only one deposition and
one material processing step, whereas subtractive methods require
at least one material removal step as well. This means that additive
manufacturing requires less equipment and is sometimes even faster.

In this context, lithography, direct writing, and E-field lithography
are considered to be subtractive methods, because it requires a layer
of photopolymerisable material, which has to be removed after the
patterning step, typically in a chemical bath. This step, including
the necessary cleaning and drying, makes the process unsuitable for
rapid manufacturing. All other available techniques deposit the light-
guiding structures only where they are desired and are therefore con-
sidered to be additive methods.

2.2.2  Demonstrated Optical Attenuation

To compare the achieved attenuation of the presented works, the re-
sults are listed in Table 2.2 and visualised in Figure 2.4. The data is
divided into results that were achieved on a flexible polymer foil sub-
strate, and results that were shown on a rigid substrate, either glass

or FR4.
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Table 2.2: Manufacturing type, dimensions, material, and attenuation for se-
lected optical waveguides. All structures have typical dimensions
of around soum. The starting year of the research project de-
scribed in this thesis, 2013, is indicated by a line.

Year Method Attenuation Substrate Reference
(dB/cm)

- 1993 Self Writing <5(1500nm)  rigid Frisken et al. [24]
a 2002 Lithography 0.5 (8oonm) rigid Borreman et al. [19]
b 2003 Lithography 0.36 (830nm)  rigid Kim et al. [20]
¢ 2003 Hot-Embossing 0.19 (650 nm) rigid Mizuno et al. [32]
d 2004 Hot-Embossing 0.2 (850nm) rigid Yoon et al. [33]
e 2007 Dispensing <0.1(633nm) rigid Leng et al. [40]
f 2008 Direct Writing <0.05(850nm) rigid Dangel et al. [21]
g 2009 E-Field Litography 1.97(850nm) rigid Hin et al. [34]

2010 Ink-jet Printing 0.47(850nm)  rigid Selviah et al. [69]
i 2013 Direct Writing 0.031(850nm) flexible Dangel et al. [22]
j 2013 Dispensing 0.06 (850nm)  rigid Dingeldein et al. [41]
k 2013 Mosquito-Method  0.033(850nm) rigid Soma et al. [44]
1 2016 Flexo Printing 0.5(635nm) flexible Wolfer et al. [16]
m 2017 Hot-Embossing 0.09 (8s0nm)  flexible Rezem et al. [29]
n 2017 Self Writing 0.69 (850nm) flexible Giunther et al. [26]
z 2017 Self Writing n.a. flexible Terasawa et al. [27]
o 2018 Ink-jet Printing 0.61 (650 nm) flexible Theiler et al. [72]
p 2018 Ink-jet Printing 0.55(633nm)  rigid Alaman et al. [71]

The attenuation values range from 0.03 to 2.0 dB/cm. Until 2010, all
published results were on rigid substrates. After that, a trend towards
flexible substrates can be seen.
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Figure 2.4: Published attenuation values of polymer optical waveguides fab-
ricated on planar substrates by various methods from 2002 to
2017. The result by S.]. Frisken (Self-writing, <5dB/cm, 1993) is
excluded from the graph. The data is grouped in results on rigid
and flexible substrates. The latter started appearing only after
2010.

2.3 INTERMEDIATE CONCLUSION AND RESEARCH GOALS

From the discussed manufacturing techniques, ink-jet printing is the
only technique that unifies all advantages for mass-production which
were considered. Whereas other described techniques are only feasi-
ble on a laboratory-level, ink-jet printing has a demonstrated ability
to create planar patterns with high precision and through-put. Yet,
only a few published results with attenuation values exists for this
technique, and it can realistically expected that ink-jet printing is the
most suitable technique to create networks on planar substrates. Due
to this expectation, the ink-jet printing of optical waveguides is an
attractive field of research which has gained interest in recent years.
Before the onset of this research project in 2013, all published re-
sults on ink-jet printing of optical waveguides were on rigid glass
slabs as substrate. While glass is certainly a suitable material in re-
gard to its optical properties and established processability for optical
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applications, glass slabs are neither light nor roll-to-roll compatible.
They require single-substrate processes, which places ink-jet printing
in direct competition with established lithography. To avoid this, flex-
ible, optically transparent polymer foils, which are compatible with
roll-to-roll manufacturing, will be investigated as substrate material.
The theoretical and experimental demonstration of light transmis-
sion through an ink-jet printed optical waveguide on flexible poly-
mer foil substrate is the first research topic of this thesis. The selected
attenuation limit for a practical application is 1db/cm.

All groups reported difficulties when trying to create elevated struc-
tures. While the team from Drexel University did not address the
problem in their publication at all, the researchers from Microfab
solved the problem by careful tuning of the substrate temperature.
This method, however, is only feasible for a hot-melt ink. The team
from OPCB attempted three methods: surface energy modification,
cooling the substrate, and intermediate polymerisation. The second
and the third method were successful, but they are connected with
several problems. The first problem is that many inks require a ni-
trogen atmosphere to fully polymerise. If each layer is polymerised,
a nitrogen atmosphere is necessary around the print-head, which is
often difficult to realise. The second problem is that many inks re-
quire a volatile solvent to be printable. This solvent has to be evapo-
rated before polymerisation, which requires heat and time. However,
heating the substrate is typically problematic for polymer substrates,
because their glass transition temperature is much lower than that
of glass. Choosing a lower temperature extends the time-frame that
is required for full evaporation of the solvent, or prohibits it entirely.
Additionally, the required cooling technology is not easily integrated
in roll-to-roll printer systems. Because of these problems, an alterna-
tive method to print elevated structures on polymer substrates will
be sought. This is the second research topic.

Additionally, none of the waveguides presented in prior publica-
tions were integrated into an optical network of light sources, opti-
cal waveguides, functional structures, and detectors. This, however,
is critical to demonstrate the benefits of additive manufacturing of
su