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Samenvatting

In de huidige elektronische systemen neemt door de toenemende prestatie van
CMOS gebaseerde microprocessoren de hoeveelheid informatie die tussen com-
ponenten uitgewisseld wordt, alsmaar toe, wat in de nabije toekomst voor een
interconnectie flessenhals zal zorgen. Een recent rapport vanuit de halfgelei-
derindustrie voorspelt chip input-output datasnelheden tot 9.5GHz tegen het
jaar 2010, en tot 29 GHz tegen het jaar 2015. Alhoewel het onzeker is wanneer
de limieten van bestaande koper gebaseerde interconnectietechnologieén bereikt
zullen zijn, lijkt het heel waarschijnlijk dat er andere oplossingen nodig zijn. Eén
van deze oplossingen is de introductie van parallelle optische interconnecties.

Het fundamenteel voordeel van optische verbindingen is dat het product van
propagatie afstand en bandbreedte veel groter is dan haalbaar met elektrische
verbindingen. Dit was één van de drijfveren voor de transformatie van de
telecommunicatiewereld over de laatste tientallen jaren, en ligt aan de basis van
de transformatie van verbindingen over korte afstand (>10m) binnen zeer per-
formante computer systemen. Ondanks het feit dat de technologische voordelen
van optische interconnecties binnen systemen reeds meer dan 20jaar gekend zijn,
worden optische kanalen nog steeds niet geintegreerd met gedrukte schakelingen
of printkaarten. De belangrijkste reden hiervoor is de kostprijs. Alleen voor vol-
doend hoge datasnelheden duikt de optische kostprijs onder de elektrische kost-
prijs. Afgezien van de correlatie tussen prijs en volumeproductie, wordt prijs
direct bepaald door het aanbieden van geschikte technologische oplossingen.
Dit is de belangrijkste doelstelling van dit werk: een flexibele technologie ont-
wikkelen die de fabricage van goedkope optische interconnecties geintegreerd
met gedrukte schakelingen moet toelaten, en dit gebaseerd op het gebruik van
optische golfgeleiderstructuren.

De vereisten waaraan kandidaat optische materialen moeten voldoen wor-
den beschreven in Hoofdstuk 2. Nadruk ligt op optische verliezen, stabiliteit,
en compatibiliteit met standaard fabricageprocessen van klassieke elektrische
gedrukte schakelingen. Dunne glasplaten met een dikte van 70 ym zijn een zeer
aantrekkelijk materiaal, vermits hun gedrag onder invloed van temperatuur
en vochtigheid superieur is ten opzichte van polymeren. Bovendien vertonen
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zij lage optische verliezen over een zeer breed golflengte gebied. Grootste uit-
daging is de fabricage van multimodale golfgeleiderstructuren. Verder wordt
een overzicht gegeven van kandidaat polymere materialen die een maximum
propagatieverlies van 0.1 dB/cm bezitten. Zowel polysiloxanen (Ormocer®) als
acrylaten (Truemode™) worden onderzocht binnen dit werk. Proces parameters
voor het aanbrengen van 50 ym dikke kern en cladding lagen worden bepaald.
De oppervlakteruwheid van de lagen is opgemeten met een optische profilometer
(Wyko NT2000), resulterend in gemiddelde ruwheden van 3—4nm.

De nadruk lag tijdens dit werk op het gebruik van laser ablatie om structuren
aan te brengen in de optische lagen. In Hoofdstuk 3 wordt de mogelijkheid
onderzocht om met behulp van een KrF excimeer laser, een frequentie ver-
drievoudigde Nd-YAG laser, en een CO; laser, micrometer structuren te ableren
in Ormocer®, Truemode™ en 70 um dik borosilicaat glas. Er wordt aangetoond
dat vooral de combinatie KrF excimeer laser en Truemode™ veel potentieel
biedt. De geableerde structuren bezitten zeer vlakke zijwanden, met een gemid-
delde oppervlakteruwheid van ongeveer 20nm. De generatie van debris, en de
aanwezigheid van microstructuren zijn twee fundamentele problemen bij KrF
excimeer laser ablatie van Ormocer®. Nd-YAG lasers zijn in staat om ondiepe
structuren aan te brengen in zowel Truemode™ als Ormocer(®), met zeer vliakke
zijwanden. Bij diepere structuren van typisch 50 um wordt thermische schade
geconstateerd. CO» lasers kunnen gebruikt worden om polymere oppervlakken
te polijsten, maar introduceren thermische schade wanneer ze gebruikt worden
in een ablatie regime. De beste resultaten voor de dunne glasplaten worden
verkregen met de CO; laser, met een minimum aan debris, en onder de geschikte
omstandigheden, zonder microscheurtjes.

Experimentele resultaten van KrF excimeer laser geableerde golfgeleiders in
Truemode™ worden voorgesteld in Hoofdstuk 4. Rijen van 50x50 ym? multi-
modale golfgeleiders op een afstand van 125 ym zijn geintegreerd op 10x10cm?
printkaarten, met propagatieverliezen van 0.11dB/cm bij een golflengte van
850nm. Het spectrum toont ook lage verliezen bij langere golflengtes, wat mo-
gelijkheden opent voor telecommunicatie toepassingen op niveau van print-
kaarten. Fotolithografisch gedefinieerde golfgeleiders in Ormocer® vertonen
een propagatieverlies van 0.08dB/cm bij 850nm, en 0.22dB/cm bij 980 nm.
Het principe van monomodale golfgeleiders geintegreerd met FR4 gebaseerde
gedrukte schakelingen is aangetoond, zonder optimalisatie van kern diameter.
Propagatieverliezen van 0.62 dB/cm zijn opgemeten bij 1.3 um, gebruik makend
van fotolithografisch gedefinieerde golfgeleiders in Ormocer®. Ondanks het feit
datlaser ablatie een serieel proces is, laat het toe om simultaan rijen van golfgelei-
ders te maken, en is het proces schaalbaar naar grotere printkaart dimensies. Het
gebruik van fotolithografie kan toegepast worden wanneer massaproductie be-
langrijk wordt.

In Hoofdstuk 5 worden verschillende configuraties besproken voor het in- en
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uitkoppelen van licht, ten aanzien van het vlak van de optische golfgeleiders.
Nadruk ligt op de fabricage van gemetalliseerde 45° spiegeltjes, ingebed in de
optische lagen. Spiegeltjes in Truemode™ vertonen een gemiddelde oppervlak-
teruwheid van slechts 42 nm, en een RMS ruwheid van slechts 53 nm, opgemeten
in een gebied van 174x52 um?. De 45° hoek is geverifieerd met een Dektak 8
stylus profiler. Hoek variatie bedraagt 2°. Koppelverliesmetingen voor zowel
mono- als multimodale structuren geven spiegelverliezen van 2.2 dB, afthankelijk
van de in- en uitkoppelvezel die gebruikt wordt. De fabricage van optische via’s
wordt beschreven, die de insertie van een externe koppelcomponent moet toe-
laten. Op het einde van dit hoofdstuk wordt het gebruik van CO, laser ablatie
beschreven, om toegang te verstrekken tot de optische lagen doorheen een vezel
versterkte epoxy laag.

De interface die moet toelaten licht te koppelen tussen golfgeleiders van ver-
schillende printkaarten, wordt beschreven in Hoofdstuk 6. De koppelconfigu-
ratie is gebaseerd op passieve en mechanische alignatie, gebruik makend van
een 250 um dik lensplaatje. De alignatie tussen de optische printkaart, en het
lensplaatje is verwezenlijkt door gebruik te maken van referentiemarkeringen, de
alignatie tussen de MT ferrule van de connector en het lensplaatje is verwezenlijkt
door twee 700 um gaten, die corresponderen met de pinnen van de MT ferrule.
KrF excimeer laser ablatie van microlenzen is beschreven, gebruik makend van
zowel een Polycarbonaat, als een Ormocer® substraat, en gebruik makend van
CO;, laser geassisteerd polijsten. Een korte misalignatie tolerantie studie van de
koppelinterface laat een schatting van de koppelverliezen toe.

De ontwikkeling van een UV excimeer laser gebaseerd proces voor het klieven
van glasvezel is beschreven in Hoofdstuk 7. Dit proces laat een volledig geauto-
matiseerd klieven toe, voor massavolume productie van optische vezel assem-
blages. Thermische effecten resulterend in smelten van de vezel treden niet op,
wat wel het geval is bij het gebruik van CO, lasers. Een selectief geableerde kras
propageert wanneer de vezel onder spanning wordt gebracht, wat zich uit in een
klief van de vezel. De positie van de laser geinduceerde kras is veel precieser dan
mogelijk is met een mechanische kliever. Het proces is operator onafthankelijk,
en vertoont consistente klievages. Verder onderzoek is vereist om de defecten die
optreden voor rijen van vezels te minimaliseren. De hoek van loodrecht gekliefde
vezels is nagemeten met een optische interferometer, en geeft een gemiddelde
van 1.06°, en een standaard afwijking van 0.47°. Koppelverlies na het aan mekaar
lassen van twee vezels bedraagt 0.03 dB, vergelijkbaar met mechanisch gekliefde
vezels. Het ontwikkeld proces laat toe om glasvezels die ingebed zijn in een
gedrukte schakeling (als alternatief voor optische golfgeleiders) te termineren,
waarvoor momenteel geen kliefprocedure voorhanden is. Op het einde van dit
hoofdstuk wordt CO, laser polijsten van glasvezel facetten voorgesteld, wat een
reductie van de gemiddelde ruwheid van het vezelfacet oplevert van 50 nm naar
27 nm in een zone van 60 ym rond de kern van de vezel.
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Summary

Bottleneck in todays electronic systems is to a large extent associated with the
off-chip communication. Continual efforts to increase the speed of CMOS cir-
cuitry has led to the need for higher performing interconnects. The ITRS report
from 2005 predicts a chip-to-board speed up to 9.5GHz for the year 2010 and
approaching 29 GHz for the year 2015. While it is uncertain when the physical
limitations of conventional interconnects will prohibit speed increases, it seems
that electrical transmission lines cannot continuously scale with higher perform-
ing CMOS circuitry.

While the benefits of optics for short links within systems have been discussed for
over 20 years, the opportunity for optics has never been stronger. The fundamen-
tal advantage of optics is the much larger bandwidth-distance product that can
be achieved, compared to electrical links. This was one of the drivers behind the
transformation of the telecommunications industry over the last several decades,
and underlies the transition at shorter distances that we have seen in optics use
within high-end computing systems over the last decade.

Despite the technological advantages, optics has still not made the rapid in-
roads onto boards and cards. The main reason for this is cost. Only for higher
bandwidth-distance products, the cost of optics drops well below the cost of a
comparable electrical link. Besides the inter-dependance between costs and mar-
ket volumes, costs can be addressed through technical solutions directly, which
is the main objective of this work, providing for a flexible technology for the
fabrication of low cost board-level optical interconnections.

A lot of research is currently focused on the use of optical waveguides, being fab-
ricated directly onto the board, or fabricated separately onto foils that are lami-
nated into the board subsequently. A number of challenges must be overcome in
order to make these waveguides a practical technology.

The requirements for optical materials to be used for board-level optical intercon-
nections are discussed in Chapter 2. Special attention is given to optical loss, en-
vironmental stability, and compatibility with standard PCB manufacturing. Thin
glass sheets are a very attractive material, as the temperature and humidity be-
haviour is superior to polymers, and they show a low optical loss over a broad
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window. Big challenge is the fabrication of multimode waveguides in 70 um
thick glass foils. An overview of polymer candidates is presented, with propaga-
tion loss < 0.1dB/cm, for datacom and telecom wavelengths. Both polysiloxanes
(Ormocer®) and acrylates (Truemode™) are investigated within this work. Pro-
cess parameters for the application of 50 um thick cladding and core layers are
determined. Surface roughness of the layers has been evaluated making use of a
non-contact optical profiler (Wyko NT2000), showing an R, surface roughness of
3-4nm.

During this work, emphasis was on investigating the use of laser ablation for
structuring the optical layers, as it is a very flexible technology that is compatible
with standard PCB manufacturing processes. Chapter 3 deals with the feasibil-
ity of KrF excimer laser-, frequency tripled Nd-YAG laser-, and CO, laser abla-
tion for structuring Ormocer®), Truemode™ and 70 ym thick borosilicate glass
sheets. It has been revealed that there is a lot of potential for the combination
KrF excimer laser - Truemode™ materials, showing very smooth sidewall sur-
faces, with an R, roughness around 20nm. Generation of debris, and the pres-
ence of microstructures are two fundamental limits for structuring Ormocer®
materials using KrF excimer lasers. It has been shown that frequency tripled Nd-
YAG lasers are capable of structuring shallow grooves with smooth surfaces, but
grooves with a depth of 50 um show thermal damage. CO, lasers can be used for
smoothing polymer surfaces, but introduce serious thermal damage when ablat-
ing polymers. Optimum results for structuring glass are obtained for CO; laser
ablation, minimizing the presence of debris, and under the right circumstances,
without the formation of microcracks.

Experimental results on KrF excimer laser ablated waveguides in Truemode™
are presented in Chapter 4. Arrays of 50x50 um? multimode waveguides on a
pitch of 125 um have been integrated on 10x10cm? PCBs, showing a propaga-
tion loss of 0.11dB/cm at a wavelength of 850nm. The loss spectrum revealed
that longer wavelengths could be used as well, opening possibilities for telecom
applications at the board-level. Comparing the insertion loss at 850nm to the
insertion loss at 980nm and 1.3 um, gives a propagation loss of 0.015dB/cm at
980nm, and 0.15dB/cm at 1.3 um. Waveguides structured by photolithography
in Ormocer®), show a propagation loss of 0.08 dB/cm at 850nm, and 0.22dB/cm
at 980nm. Even though laser ablation remains a serial process, it allows for a
simultaneous fabrication of arrays of waveguides, and the process is scalable to
larger PCB dimensions. The use of photolithography could be applied when high
throughput becomes important. Proof-of-principle has been shown for the inte-
gration of single mode waveguides on FR4 based PCBs, without optimizing core
dimensions. A propagation loss of 0.62dB/cm has been measured at 1.3 ym, us-
ing Ormocer® patterned by photolithography.

Different approaches for out-of-plane coupling structures are discussed in Chap-
ter 5. Special attention is given to the fabrication of metal coated micromirrors
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embedded in the optical layer. The process being developed can be applied both
for Ormocer® and for Truemode™ materials. Surface roughness measurements
revealed that for Truemode™ the R, surface roughness of the mirrors can be as
low as 42nm, and the RMS roughness as low as 53 nm, measured on an area of
174x52 ym?. The 45° angle has been verified using a Dektak 8 stylus profiler, in-
dicating an angle variation of 4 2°. Coupling loss measurements were performed
both using multimode and single mode waveguides as testbed structures. An
excess mirror loss of 2.2 dB has been achieved, depending on the in- and outcou-
pling fiber being used. The fabrication of optical vias allowing the introduction
of a pluggable component is described. Finally, the use of CO; laser ablation to
access the optical layers through fiber reinforced epoxy is discussed.

The interface to allow coupling between waveguides located on different PCBs
is discussed in Chapter 6. The coupling approach is based on both passive and
mechanical alignment making use of a 250 um thick lens plate. The alignment
between the optical PCB and the lens plate is achieved by index alignment, the
alignment of the MT ferrule and the lens plate is achieved by the two 700 ;zm holes
that match the pins of the MT ferrule. KrF excimer laser ablation of microlenses is
described, both using Polycarbonate and Ormocer® substrates, and using CO»
laser assisted polishing. A misalignment tolerance study is performed estimating
the loss introduced by the coupling scheme.

In Chapter 7 a UV excimer laser based cleaving procedure for silica fiber has been
developed that enables automated cleaving for high-volume production of fiber-
optic assemblies. Due to the typical interaction of UV excimer laser light with
silica glass, thermal effects resulting in local melting of the fiber do hardly occur,
as is the case with CO, lasers. A selective ablation of the glass in the form of a
small rectangular cavity can serve as a fracture initiator when the fiber is placed
under stress. The position of the laser induced scratch can be more precise than
with a classic diamond tool used in mechanical cleavers. The system is operator
independent and provides consistent high-quality cleaves on single fiber, further
investigation is required to minimize lip /roll-off for ribbon configurations. The
end angle of the cleaved optical fiber is measured using a non-contact optical
interferometer system and had an average of 1.06° and a standard deviation of
0.47° for perpendicular cleavages. Insertion loss after splicing is in the range
of 0.03 dB, which is compatible with mechanical cleaved fibers. The developed
cleaving process is presented to enable termination of optical fibers embedded in
a PCB, for which currently no cleaving process exists. Finally, CO; laser polishing
of fiber facets is shown to be feasible, reducing the average surface roughness R,
from 50 nm to 27 nm within a range of 60 yum from the center of the fiber.
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Notations

Notation | Meaning
BW Bandwidth
CCD Charge Coupled Device
CMM | Coordinate Measurement Microscope
CMOS | Complementary Metal Oxide Semiconductor
CTE Coefficient of Thermal Expansion
CWDM | Coarse Wavelength Division Multiplexing
DOF Depth Of Focus
DWDM | Dense Wavelength Division Multiplexing
EMI ElectroMagnetic Interference
FR4 Flame Retardant
Gbps GigaBit Per Second
GPIB General Purpose Interface Bus
HF HydroFluoric
LAN Local Area Network
LIPSS | Laser Induced Periodic Surface Structures
MEMS | Micro Electro Mechanical System
MOEMS | Micro Opto Electro Mechanical System
MT Mechanically Transferable
NA Numerical Aperture
PC Poly Carbonate
PCB Printed Circuit Board
PMMA | PolyMethylMetAcrylate
PLD Pulsed Laser Deposition
POF Plastic Optical Fiber
RIE Reactive Ion Etching
SEM Scanning Electron Microscope
SMP Symmetric MultiProcessor
TIR Total Internal Reflection
TTL Through The Lens
VCSEL | Vertical Cavity Surface Emitting Laser
WDM | Wavelength Division Multiplexing




XXii Notations




Chapter 1

Introduction

1.1 Short distance interconnections

The communications world is evolving rapidly, as voice and data networks
merge to become broadband multimedia networks. The increasing prevalence of
computers, the explosive growth of the Internet (see Figure 1.1), and the emer-
gence of a strong wireless market are driving these changes, and optoelectronic
components are the fundamental enablers of this transformation. The combi-
nation of both optical and electrical technologies allows data to be generated,
transported and manipulated at high rates. Today, optoelectronics are being in-
tegrated into existing networks, but within a few years, all-optical networks will
most likely be needed.

The fundamental advantage of optics is the much larger bandwidth-distance
product that can be achieved, compared to electrical links, i.e. the losses and
signal distortions for optical propagation are far more benign than those for
electrical links. This was one of the drivers behind the transformation of the
telecommunications industry over the last several decades, and underlies the
transition at shorter distances that we have seen in optics use within high-end
computing systems over the last decade.

While the benefits of optics for short links within systems have been discussed for
over 20 years [1], the opportunity for optics has never been stronger. Bottleneck
in todays electronics is to a large extent associated with the off-chip communi-
cation. Continual efforts to increase the speed of CMOS circuitry has led to the
need for higher performing interconnects. The ITRS report from 2005 predicts a
chip-to-board speed up to 9.5 GHz for the year 2010 and approaching 29 GHz for
the year 2015 [2]. While there is little to do to alleviate fundamental properties
of conductors (skin effect), without increasing wire cross-sections (which reduces
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Figure 1.1: The growth of data transport as a driving market force for both optics and
electronics (source: Caspian Networks)

wiring density), improved low loss dielectric materials, and advanced board tech-
nologies (with no or reduced vias) can improve signal propagation characteris-
tics [3, 4]. The increasing density of circuits (available at lower cost) allows more
signal processing techniques to be brought to bear on the problem, including sig-
nal pre-emphasis and equalization, decision feedback techniques and multi-level
coding [5, 6, 7, 8]. The resulting impact is that electrical link performance can
continue to improve, but at the expense of other important metrics. To incorpo-
rate a few high data rate links is not necessarily an issue, however multiply this
by thousands of off-chip links, and the burden of utilizing these advanced circuit
techniques can become a problem. Optics can alleviate these issues by greatly
reducing the need for on chip signal processing [9, 10].

Electrical interconnects have other limitations that are harder to quantify but that
are just as important, particularly as line density increases. They are suscepti-
ble to electromagnetic interference (EMI) from the board and rack environment,
including (and especially) crosstalk from adjacent channels. These issues are par-
ticularly serious at high-density connectors which interface plug-in boards to the
backplane [11, 12]. The use of dielectric rather than metal based waveguides
makes optical interconnects (and corresponding connectors) immune to EMI.

Other advantages of optics include card edge density, e.g. the bandwidth per unit
card edge length is much higher for optical links than for electrical. Achievable
card edge density for optical interconnects is today a few times better than for
electrical interconnects, and will increase further to 10 in the 10 Gbps generation
[13].
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Figure 1.2: Copper versus optoelectronic crossover zone (source: iNEMI [14])

Optics also offers potential power savings over electrical links, especially at
longer distances, but only if the optical interconnects can be more tightly inte-
grated with the signal source. Every optics link must connect to a data source,
such as a micro-processor, via an electrical link. If these electrical links need to
traverse a full card length to connect to optics positioned at the card edge, then
the combined electrical-optical-electrical link may offer no power advantage
whatsoever. The shorter the optical link under consideration the more important
it is to minimize the electrical feeder distance.

Despite the technological advantages, optics has still not made the rapid inroads
onto boards and cards that have been discussed for the last two decades. The
main reason for this is cost. The cost of optics (on a per Gbps basis) is still
well above that of comparable electrical links. For example, even for a 10m,
12x2.5Gbps parallel link, optics is currently about 2x more expensive than the
corresponding electrical link [13]. Only for higher bandwidth-distance products,
the cost of optics drops well below the cost of a comparable electrical link, as is
shown in Figure 1.2 (iNEMI Technology Roadmap 2005 [14]).

Of course, market volumes are critical to reducing costs, and the acceptance of
optical interconnections in computing systems is largely influenced by the inter-
dependance of costs and market volumes. Without a comparable cost entry point
for optics, the volume market never has a chance to develop for these shorter
length links [13]. On the other hand, costs can be addressed through technical
solutions directly, which is the main objective of this work, providing for a flexible
technology for the fabrication of low cost board-level optical interconnections.

In what follows, optical links are classified as in-box and box-to-box intercon-
nections. In-box interconnections include both MCM-level, board-level, and
backplane-level interconnections, with distances ranging from a few centimeters
up to one meter. Box-to-box interconnections cover the inter-cabinet links with
distances up to tens of meters.
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1.2 Box-to-box optical interconnections

This is obviously the most mature class of optical intra-system interconnects,
which is partially due to its relation to local area network (LAN) type applica-
tions. Commercial state-of-the-art optical interconnects are using pairs of electro-
optical transceiver modules, based on VCSEL arrays, interconnected by multi-
mode fiber arrays, with MT based connectors. Speeds of individual VCSELSs is at
2.5 to 3.125Gbps, dimension is typically 1x12. Standardized modules are avail-
able from several vendors.

Suppliers are taking the next logical step, to 10 Gbps transmission through 12-
fiber ribbons at total data rates to 120 Gbps. Agilent Laboratories has developed
a system based on bottom-emitting 990nm VCSELs, and bottom-illuminated In-
GaAs/InP detectors that is flip-chip bonded to integrated circuits and can trans-
mit through 100m of multimode fiber ribbon [15]. The IBM Watson Research
Center has developed a similar system based on top-emitting 850nm VCSELs
and top-illuminated GaAs detectors [16].

It is also possible that parallel optics could evolve in more complex directions
than simply increasing the channel bit rate and the width of the link. One of the
most straightforward ideas is to use multiple wavelengths on a single fiber (wave-
length division multiplexing, or WDM). A version of a parallel WDM transmitter
and receiver has been demonstrated [17]. This system is considered coarse WDM
(CWDM), since the wavelength spacing between channels is typically 10-15nm,
as opposed to the 0.5-1.0nm channel spacing typical of the dense WDM (DWDM)
systems used in long-haul telecommunications. The target overall bandwidth in
the demonstrator is more than 10 Gbps in each of 48 channels. This bit rate should
match or exceed the clock speed of microprocessors and so be adequate for the
initial use of SMP bus optical interconnects in servers. Since the module uses
a four-wavelength CWDM design to reduce the fiber count by four, an optical
MUX and DEMUX are needed, adding cost and complexity.

1.3 In-box optical interconnections

1.3.1 Fiber based approaches

With the idea of using an established technology, people have considered various
approaches, essentially all based on pieces of fiber, going from discrete optical
fibers, to optical fibers laminated into flexible foils or into boards.

An illustration of a discrete fiber based optical layer is given in Figure 1.3a, show-
ing an application board on which optical signals, coming from the optical back-
plane are routed to micromechanical all-optical switches and back to the back-
plane connectors. An integrated fiber based optical layer is shown in Figure
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(c) Embedded optical fibers as a passive optical back-
plane

Figure 1.3: Fiber based optical interconnections integrated on a PCB (source: ACTS-
PLATO-project)

1.3b, where one can see the optical fiber ribbon extending from the edge of the
board. Both demonstrators were realized within the European ACTS-PLATO-
project (Photonic links in ATM and optical systems) [18, 19, 20].

Among the problems for fiber based approaches, the minimum radius of curva-
ture of standard optical fiber is certainly the most important, causing problems
both for routing of the fiber along the board, and for coupling light from the
optical fibers towards optoelectronic components mounted on the board, as the
fibers cannot be bended perpendicular to the surface (minimum radius of cur-
vature 1-2 cm). Slightly bending the optical fibers towards the surface has been
demonstrated within the European RACE II-HIBITS-project (High Bitrate ATM
Termination and Switching) [21, 22, 23]. Mounting optoelectronic components
into laser drilled holes, still requires the fabrication of the endfacet to the opti-
cal fiber, which results in some practical difficulties as traditional cleaving of the
fibers can not be used. Alternative solutions as e.g. cleaving of the fibers using
laser ablation are investigated within this PhD work.

Optical fibers embedded in flexible foils, offering a pure passive optical intercon-
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nection, are commercially available [24, 25], aiming at optical backplane applica-
tions where no integration with the electrical backplane is required. An example
realized within the European ACTS-PLATO-project can be seen in Figure 1.3c.

Switching from glass fiber towards plastic optical fiber (POF) can solve some of
the above mentioned problems. POF termination does not require multi-step pol-
ishing, and the process is far more reliable than polishing of glass fiber. The
smaller bending radiuses allow for the realization of very compact connectors,
a concept that has been adapted in the European IST-IO-project (Interconnect by
Optics) [26]. In the IO-project, a new type of POF is developed, with better ab-
sorption and temperature characteristics compared to PMMA based POEF. The
main market today for POF are short-distance communication links, operating
at a moderated bandwidth. In such applications, the low cost aspect of POF is
very important, and the fiber is typically a thick (1 mm) step-index fiber. The par-
allel optical interconnect link requires a different type of fiber, with a fiber core
diameter of 70 um.

All optical fiber based approaches only offer point-to-point interconnects, and
complex fiber arrangements cannot be batch fabricated but have to be laid out
fiber by fiber. When comparing fiber based approaches with more integrated
approaches such as waveguides, an analogy to copper cables and printed circuit
boards (PCBs) in the early days of electronics can be seen.

1.3.2 Waveguide based approaches

A lot of research is currently focused on the use of optical waveguides, being fab-
ricated directly onto the board, or fabricated separately onto foils that are lami-
nated into the board subsequently. A number of challenges must be overcome in
order to make these waveguides a practical technology, including the following:

e optical loss of the waveguides

o stability of the waveguides during the board manufacturing process, chip
attachment, and system operation

e scalability of waveguide manufacturing to larger board dimensions

e low loss optical interface between O/E module and waveguides, and be-
tween board and backplane

As the use of optical waveguides is investigated within this PhD work, a com-
plete description will be given in the following chapters, including the challenges
mentioned above.
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1.3.3 Free-space based approaches

One of the potential advantages of using free-space optics is the low attenuation
(few dB/km) if air is used as a propagation medium. There are still losses due
to reflections, but these can be minimized using anti-reflection coatings. Another
potential advantage is the promise of increased density by using real 2D arrays.
For board integrated waveguides, few layers can be stacked on top of each other,
but probably not too many, leading to 1.5D arrays, being arrays with few x many
channels. In free-space optics, however, there is no need to stack individual layers
and the optics will image as many channels as the field of view and the density
of VCSEL arrays will allow. The limitation will more probably come from the
electrical contacts of the VCSEL array and from thermal considerations.

A key limitation of free-space approaches is the alignment, which has to be main-
tained over time over the whole optical path, and not only at the coupling in-
terfaces. Free-space interconnects have therefore been limited in length from
centimeters to a few tens of centimeters. Compared to the routing possibilities
in guided approaches, free-space offers only very limited flexibility. In order to
avoid negative influences from dust and dirt, the optical path will have to be en-
capsulated, which will add to the complexity of the optical subsystem. Despite
these reflections, free-space interconnections are expected to find breakthrough
for shorther distance MCM-level interconnections.

A key implementation requirement is some method of providing optical align-
ment between the individual sets of transmitter-receiver elements and at the same
time providing for optical signal isolation to reduce crosstalk between the vari-
ous channels. The architectural approaches [27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37]
can be summarized into four implementational methodologies, used individually
or in some combinations: spatial separation, lensing elements, differing wave-
lengths, and holographic optical elements (HOE). Apart from the architectural
approaches, there is a wealth of system topologies. Some examples are line of
sight between adjacent boards, zig-zag propagation within glass plates, or folded
systems using mirrors or prisms.

1.4 Research context

The research which formed the basis of this dissertation was carried out within
the framework of the project Plastic for Photonics, supported by the Institute for
the Promotion of Innovation by Science and Technology (IWT). The objective was
to develop a technology, for the application of polymer optical layers on a stan-
dard PCB, for the fabrication of multimode optical waveguides in these layers,
and for the definition of out-of-plane couplers in these waveguides. Emphasis
was on investigating the use of laser ablation for structuring the polymer layers,
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as it is a very flexible technology that is compatible with standard PCB manufac-
turing processes.

Within a bilateral project with FCI ’s Hertogenbosch the aim was to establish a
coupling interface between waveguides located on different PCBs, based on the
widely used MT type connector.

The objective of the work performed within a bilateral project with Motorola was
to optimize laser ablation for the fabrication of optical vias, to optimize the per-
formance of the out-of-plane couplers, and to investigate the integration of both
45° micromirrors and microlenses in the optical layers.

In cooperation with different partners of the European PIDEA-Project-Orbita
(Optical Routing Backplanes Intranet-working for Telecom/datacom Applica-
tions) the objective was to investigate the use of laser ablation for structuring
glass sheets, and to provide for an optical window, through a fiber reinforced
epoxy layer, to access the embedded optical waveguiding layers.

The research work carried out in the framework of the project LIAM (high-
performance low-cost interconnection components for a new generation of access
network products, manufactured using new micro-optical fabrication technolo-
gies), supported by the Institute for the Promotion of Innovation by Science
and Technology (IWT), the aim was to investigate UV laser cleaving of glass
fibers, enabling automated cleaving for high-volume production of fiber-optic
assemblies.

Within the European IST-project-Nemo (Network of Excellence on Micro-Optics),
more precisely within the workpackage on Micro-Optics for PCB and MCM-level
interconnects, the laser cleaving process is investigated for the termination of op-
tical fibers embedded in a PCB, as an alternative medium to optical waveguides.
Within the same workpackage, the optical vias are further investigated, to be
combined with pluggable out-of-plane couplers.
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Chapter 2

Optical waveguide materials

In this chapter, an overview of currently available optical materials for board-level optical
interconnections will be presented. Specific properties of polymer and glass materials will
be discussed. Special attention will be given to optical loss, environmental stability, and
compatibility with standard PCB manufacturing. Process parameters for the polymers
being used in this PhD dissertation will be addressed in detail, together with surface
characterization results.

2.1 Introduction

Waveguiding materials to be used for board-level optical interconnections can be
divided into two main categories: polymers and glass sheets. Novel optical poly-
mers are engineered in many laboratories worldwide, and some are commercially
available. Thin glass sheets are available from companies which supply into the
liquid crystal display market. Key ideal requirements for waveguide materials
include: low optical loss, high thermal stability, refractive index controllability,
good adhesion, good dimensional stability, low birefringence and stable optical
properties. Optical loss is a key selection factor and has been the major barrier
to the adoption of polymer waveguides in applications for a long time. Other
concerns are expressed with regard to the environmental performance: thermal
and humidity stability. Thermal stability is very important particularly in appli-
cations where an optical layer is to be laminated within a conventional electri-
cal printed circuit board. Moreover, during soldering of the board, temperature
reaches 230°C for a short time during solder reflow, and even higher tempera-
tures for lead-free solders. On the other hand, polymers provide for the flexible
and low cost fabrication of structures through simple application techniques and
low temperature processing.
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Figure 2.1: Low optical loss of borosilicate glass (D263T) over a broad spectrum
(source: Schott [3])

2.2 Thin glass sheets

For decades, glass has been the most popular material for making optical com-
ponents and devices. A wide range of glasses has been developed for the diverse
needs of applications, from consumer products, such as lenses, and components
for cameras and projectors, binoculars, and telescopes, to high-tech industrial
applications, including microscopy, medical instruments, data discs, and image
processing. The concept to laminate thin glass foils in between the convention-
ally used PCB substrate layers was developed to decrease the board-CTE [1, 2],
resulting in a better thermal and mechanical stability. Moreover it is a straight-
forward idea that this thin glass sheet can be used as an optical layer with multi-
mode waveguide structures of arbitrary layout as well. The advantage is that the
waveguides are of high thermal reliability and low optical loss.

The glass type selected is a borosilicate glass D263T [3], manufactured using
the purest raw materials, and can be manufactured in thicknesses down to
30 um, being compatible with the 50 ym semi-standard for multimode optical
interconnections. Borosilicate glass has a low coefficient of thermal expansion
(CTE=7.2x10"9K™!), about three times less than the other popular glass, soda-
lime, which makes it useful for heating without the risk of cracking due to
thermal shock. It is thermally stable up to 500°C for continuous use and 600°C
for short periods. The thin glass sheets feature a low optical loss over a broad
spectrum (Figure 2.1), superior to polymers.
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Figure 2.2: Surface roughness of a 70 um thick glass sheet, measured using a non-contact
optical profiler (Wyko NT2000)

The sheets have an excellent surface quality. The surface smoothness is verified
using a non-contact optical profiler (Wyko NT2000), both the average roughness
R, and the root mean square roughness R, are around 1 nm (Figure 2.2). D263T
can be found in applications like resistive touch panels used for car navigation
systems, cover glass for opto-couplers in laser diodes as found in CD players,
temperature and humidity sensors in air conditioning, and packaging CCD and
CMOS image sensors in the expanding market for camera phones [3]. The ex-
cellent temperature behaviour and high humidity resistance as well as life ex-
pectancy are crucial, not only in a PCB environment. Different technologies are
available for patterning glass foils, as will be described in Chapter 4.

2.3 Polymers

2.3.1 Optical loss

For polymer materials, both electronic and vibrational absorptions are likely to
contribute to the optical loss, as described in [4, 5, 6]. Polymeric media generally
have large absorptions in the ultraviolet due to fundamental excitations of their
electrons. These absorptions tend to be in the deep ultraviolet (less than 200 nm)
for polymers with dominantly aliphatic hydrogen atoms, and in the near UV
(200-400nm) for polymers with significant numbers of aromatic hydrogens. Par-
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tially or fully fluorinated polymers tend to have their UV absorptions at higher
energies. For energies well below electronic energy levels of the polymer, where
the polymer is basically transparent, weak absorption can result from a number
of sources including singlet-triplet absorption, and vibration mediated absorp-
tions inharmonic interactions [5]. In general, electronic absorptions in polymers
are very unlikely to contribute significantly to optical losses in the major telecom-
munication windows near 1300nm and 1550 nm. In the 1300-1600nm range, ab-
sorptions coming from the overtones of fundamental molecular vibrations are
dominant [7, 8]. Since the strength of the absorption tends to decrease by approx-
imately an order of magnitude between each harmonic order, higher harmonics
are generally weak enough not to be of concern. The highest energy vibrations are
those that have high spring constants (stiff bonds, such as double bonds) and /or
small reduced mass. The smallest reduced mass occurs when one of the atoms
is hydrogen. Both C—-H and O-H overtones are highly absorptive in the telecom-
munications windows, whereas C-F overtones, for example, show extremely low
absorption throughout the range of interest, due to their higher harmonic order.
As hydrogens are removed through partial fluorination, the absorption of opti-
cal polymers reduces significantly. In general, it is difficult to directly determine
the absorption of an optical material, since, scattering contributions to the overall
attenuation are often indistinguishable from those coming from absorption.

There are numerous extrinsic contributions to scattering loss in optical materi-
als [5]. Most important are large inclusions such as particles, voids, cracks, and
bubbles. Generally, an inclusion is considered large if it is greater than 1 ym in
diameter, in which case the scattering intensity is largely wavelength indepen-
dent. Extrinsic scattering in polymers can result from unfiltered particles, dust,
dissolved bubbles, and unreacted monomer. To eliminate extrinsic scattering it
is obviously necessary to follow clean procedures in the preparation of polymer
formulations, and to perform all coating operations in a clean room.

Intrinsic scattering results from density fluctuations and compositional inhomo-
geneities, both of which occur on very short length scales (0.1 um or less) [5].
Polymer layers are typically formed by spincoating processes in which polymers
are deposited from solution and subsequently dried by heating in an oven or on a
hotplate. The resulting films are generally uniform, but can have a roughness that
will contribute to scattering losses. When thin films are deposited on substrates,
an important aspect of the process is managing the stress that can develop. Poly-
mer waveguides are ordinarily deposited at low temperatures, but solvent bakes
and annealing often occur at moderate high temperatures. These temperature ex-
cursions, when coupled with the CTE mismatch that exists between the film and
the substrate, result in stress-induced scattering.
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As scattering comes from a number of sources, experimental scattering data is
often fit with an empirical law of the form [5]:

Qscatter = A+ B//\2 + D//\4 (2.1)

where A is the contribution from large particle scattering (i.e., > ), B the contri-
bution from inhomogeneities on the order of A in size (Mie scattering), and D the
contribution from small inhomogeneities (< A, Rayleigh-like). Within this PhD
work, the different process steps for layer application and waveguide pattern-
ing are optimized in order to reduce scattering loss, however, no experimental
scattering data is investigated.

2.3.2 Environmental performance

An important characteristic for practical applications is the thermal stability of
optical properties because polymeric materials are subject to yellowing upon
thermal aging. Typically, such aging results from the formation of partially con-
jugated molecular groups characterized by broad ultraviolet absorption bands,
which tail off in intensity through the visible region [5]. This yellowing is strongly
influenced by the chemical structure of the original polymer. In fully halogenated
materials, yellowing becomes almost negligible at any wavelength because the
absence of hydrogen prohibits the formation of H-halogen products that will re-
sult in carbon double bonds. These unsaturated double bonds are the major cause
of yellowing when they are slowly oxidized under long-term thermal aging.

Requirements for telecommunications network devices have been developed
with the goal of assuring operation for 20 to 25 years. The major governing doc-
uments for passive optical components are two monographs from Telecordia, the
GR1209 and GR1221. The Telecordia GR1209 focuses primarily on optical per-
formance tests and short-term reliability data (several weeks) that would apply
to any manufactured lot of devices. The Telecordia GR1221 is a document that
focuses on comprehensive reliability assurance, in particular vendor and device
qualification, lot-to-lot quality and reliability control, storage, and handling. Of
particular concern for polymers are extreme temperatures and humidities, as
well as the broad range of temperatures.

2.3.3 Compatibility with standard PCB manufacturing

To be widely compatible with existing PCB manufacturing processes, the high
pressure and temperature conditions during lamination must be taken into
account. A temperature of about 170°C and higher at a pressure of about
150N/cm? is needed to laminate FR4 material over the course of more than
one hour (Figure 2.3) [9]. Moreover, further considerations regarding soldering
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Figure 2.3: Temperature and pressure during FR4 lamination [9]

of the board must be taken into account when the temperature reaches 230 °C for
a short time during reflow, and even higher temperatures for lead-free solders.
There are some further requirements that seem obvious, but that nonetheless
are extremely important and merit mention. The first one is the compatibility of
the waveguide material with conventional board material (FR4, flame retardent
laminate made from woven glass fiber impregnated with expoy resin). Mechan-
ical, thermal, and climate property requirements of optoelectronic PCBs must
also be addressed. In order to guarantee trouble-free mounting of the active and
passive components on optoelectronic PCBs, the same planarity, of the entire
board as well as of the chip area itself, must be postulated, which is state-of-the-
art for PCBs. Also, electrical properties such as dielectric strength and isolation
resistance of the optical material must be considered.

2.3.4 Overview of novel optical polymers

In the past twenty years, several major families of novel optical polymers have
been developed in academic and industrial laboratories. In addition to the review
articles [4, 5, 6] some recent updates on developed materials will be given in this
section, a summary is presented in Table 2.1, and Table 2.2. Currently, the avail-
able optical polymers are highly transparent with absorption loss values close to
0.1dB/cm at all major communication wavelengths (840, 1310, and 1550 nm). The
propagation loss given in Table 2.1, and Table 2.2 are for multimode waveguides
(for datacom) and for single mode waveguides (for telecom).
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Manufacturer Polymer Type Loss, dB/cm Ref
[Trade Name] [wavelength, nm]
Amoco fluorinated polyimide 0.4 [1300nm] [5]
[Ultradel] 1.0 [1550nm]
Asahi Glass perfluorovinyl ether [5, 10]
cyclopolymer
[CYTOP]
Corning acrylate 0.02 [840nm] [4,5, 6]
(formerly 0.3 [1300nm]
AlliedSignal) 0.8 [1550 nm]
halogenated acrylate 0.01 [840nm)] [4,5, 6]
0.06 [1300nm]
0.2 [1550 nm]
Dow Chemical benzocyclobutene 0.8 [1300nm] [5, 6]
[Cyclotene] 1.5 [1550nm]
perfluorocyclobutene 0.25 [1300nm] [5, 6]
[XU 35121] 0.25 [1550nm]
DuPont tetrafluoroethylene and [5, 6]
perfluorovinyl ether
copolymer
[Teflon AF]
Exxelis acrylate 0.04 [850 nm] [11]
(formerly Terahertz) [Truemode™] 0.3 [1310nm]
0.5 [1550 nm]
General Electric polyetherimide 0.24 [830nm)] [5,12]
[Ultem]
Hitachi fluorinated polyimide TE: 0.5 [1300nm)] [5, 6]

TM 0.6 [1300nm]

Table 2.1: Loss of optical polymers to be used for board-level interconnections - part 1
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Manufacturer Polymer Type Loss, dB/cm Ref
[Trade Name] [wavelength, nm]
Micro resist polysiloxane 0.05 [830nm] [13, 14]
technology [Ormocer®] 0.2 [1310nm]
0.6 [1550nm]
epoxy 0.2 [850nm] [13, 15]
[EpoCore] [EpoClad]
NTT halogenated acrylate 0.02 [830nm] [5]
0.07 [1310nm]
1.7 [1550nm]
deuterated polysiloxane 0.17 [1310nm] [5,16,17]
0.43 [1550nm]
fluorinated polyimide TE: 0.3 [1310nm] [5]
TM 0.7 [1310 nm]
epoxy 0.1 [850nm] [18]
Luvantix epoxy 0.04 [850 nm] [19]
Optical Crosslinks  acrylate 0.08 [800 nm] [20]
(formerly Dupont  [GuideLink] 0.2 [1300nm]
and Polymer 0.6 [1550nm]
Photonics)
Promerus polynorbornene 0.1 [820nm] [21]
RPO inorganic polymer glass  0.24 [1322nm)] [22, 23]
(formerly Redfern) [IPG] 0.52 [1548 nm]
Telephotonics [OASIC] 0.01 [840nm] [5]

0.03 [1300 nm]
0.1 [1550 nm]

Table 2.2: Loss of optical polymers to be used for board-level interconnections - part 2
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Deuterated and halogenated polyacrylates

Allied-Signal developed a wide variety of photo-crosslinkable, optically trans-
parent polymers based on the combinations of multifunctional halogenated
acrylate monomers and oligomers in addition to various additives. The poly-
mers allow the creation of waveguides with low scattering losses and low
polarization-dependent losses. Upon UV-exposure the monomer systems form
highly crosslinked networks, which exhibit low intrinsic absorption in the wave-
length range extending from 400 to 1600nm. At 840nm, losses are as low as
0.02dB/cm, and 0.01dB/cm for the halogenated acrylates. By blending and
copolymerization with selected miscible monomers, this approach allows precise
tailoring of the refractive index over a broad range from 1.3 to 1.6, although it can
be difficult to simultaneously achieve a given refractive index and low intrinsic
absorption at the same time. It is possible to tailor other physical proporties such
as flexibility, toughness, surface energy, and adhesion to specific applications.

NTT has developed deuterated polyfluoromethacrylate with high transparency,
low birefringence, and good processibility. They have also developed processes
to fabricate low optical loss single mode and multimode optical waveguides with
these polymers. The propagation loss and waveguide birefringence of the sin-
gle mode waveguides were as low as 0.1dB/cm and -5.5x107% at 1310nm, re-
spectively. The propagation losses of the multimode waveguides were less than
0.02dB/cm at both 680nm and 830nm, and 0.07 dB/cm at 1310 nm.

Polyguide, developed by DuPont (currently Optical Crosslinks, and commer-
cially available under the name GuideLink) has shown excellent layer quality
and thickness control. GuideLink can be machined using excimer lasers to form
mechanical structures with a high degree of accuracy allowing for connection to
a mechanically transferable (MT type) ferrule packaged with push/pull hous-
ing connected to a multichannel standard ribbon fiber [20]. GuideLink possesses
relatively high optical losses (0.08 dB/cm at 800nm, 0.2dB/cm at 1300nm, and
0.6dB/cm at 1550 nm) due to its non-halogenated acrylate structure.

Heriot-Watt University developed polyacrylate optical polymers based on sul-
phur containing monomers, with very high thermal stability, up to 250°C or
more, with a good range of refractive index and viscosity, and good adhesion
to typical substrates. The Truemode™ materials are commercially available
(Exxelis, formerly Terahertz), and are one of the investigated polymers in this
PhD dissertation, discussed in more detail in Section 2.5.

Fluorinated polyimides
Polyimides are a proven class of polymers in the microelectronics industry due to

their high thermal stability (>300°C) and outstanding dielectric and mechanical
properties. However, conventional polyimides are not suitable for use as optical
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materials. Several types of fluorinated polyimides that feature low optical loss
in the near infrared region, a broad range of refractive index control, and excel-
lent heat resistance have been introduced by Amoco (Ultradel), General Electric
(Ultem), NTT and Hitachi. Fluorinated polyimides can suppress refractive in-
dex fluctuations and the presence of pinholes, two main causes for the observed
waveguide losses in conventional polyimides. One intrinsic problem that is still
difficult to avoid is the large birefringence and polarization dependent loss. At
830nm Ultem shows an optical loss of 0.24dB/cm, it is mostly combined with
BCB as a cladding layer [12].

Perfluorocyclobutyl aryl ether polymers

For most spincoating applications, the solubility of optical polymers needs to ex-
ceed 50 wt.-% in common solvents if a reasonable film thickness and planarity
is to be obtained [5]. This basic requirement severely limit the use of many fluo-
ropolymers. However, poly (aryl ether) polymers, first developed by Dow Chem-
ical, possess both high-performance properties and processibility [24, 25], high
temperature stability (T, =120-350°C), precisely controlled refractive index, low
moisture absorption, and a low absorption at 1300 and 1550nm (< 0.25dB/cm).

Miscellaneous highly fluorinated polymers

Perfluorinated ether-containing polymer [10], CYTOP, developed by Asihi Glass
Co. and the copolymers between Teflon and fluorinated ketal Teflon AF, devel-
oped by DuPont are two interesting perfluorinated polymers that possess excel-
lent optical properties for low loss polymer optical fibers at both visible and in-
frared wavelengths. Nexans Research Center has developed a new version of
POF based on CYTOP, within the European IST-IO-project (Interconnect by Op-
tics) [26], replacing copper intrasystem links with POF, at the chip-access, on-
board and board-to-board levels. The graded-index fiber has an attenuation be-
low 30dB/km at 850 nm. However, there are some limitations for using the poly-
mers for optical waveguide applications, such as: difficult in integrating them in
multilayer waveguide structures due to poor adhesion, thermo-mechanical sta-
bility, and difficulty in waveguide processing using established fabrication tech-
niques.

Polysiloxanes

Inorganic polymers, polysiloxanes, have been developed by NTT (deuterated
siloxanes), Fraunhofer Institute (Ormocer®)s), and Redfern (currently RPO, in-
organic polymer glass, IPG). NTT synthesized deuterated phenylsilyl chloride
monomers as the starting materials for the waveguide core polymer. The struc-
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ture of the synthesized polymer has two distinctive characteristics. One is the
adoption of a polysiloxane backbone (-Si-0-) to provide high heat resistance com-
pared with carbon—carbon (C-C) bonds. The other is the adoption of a deuter-
ated substituent in the phenyl group with lower absorption at both 1300 and
1550 nm than that of normal (non-deuterated) phenylsilyl chloride. On the other
hand, since a phenyl group has a large molecular refraction, the refractive in-
dex of the polymer can be changed by controlling the contents of the phenyl
group. Single mode channel waveguides using the polymer were fabricated by
dry etching. The propagation loss of the channel waveguides was 0.17 dB/cm at
1310nm and 0.43dB/cm at 1550 nm. The thermal and environmental stability of
the waveguides was demonstrated by the fact that the propagation loss remained
unchanged after tests at >200°C for 30 min, at > 120°C for 1000h, and at > 75°C
and 90% RH for 1000h [16, 17].

The Ormocer® materials (ORganic MOdified CERamics), developed by the
Fraunhofer Institute, and made commercially available by micro resist technol-
ogy, are synthesized by organic crosslinking of polycondensed alkoxysilanes
(solgel processing), which offers a tremendous flexibility in polymer synthesis
by variation of catalyst, temperature, and alkoxysilane scaffold. This flexibility
enable one to adjust the polymers to particular application parameters, refrac-
tive indices can be tuned over a wide range by mixing various resins. They
have been proven to combine very good optical and dielectrical properties in
the lower high frequency region, which makes them promising candidates for
electro-optical applications. They have low transmission losses in the near in-
frared range for the wavelengths 830nm, 1310nm and 1550nm. The material
processing is compatible to conventional equipment in thin film processing, and
Ormocer®s adhere very well on most substrates such as (metallized) Si wafers,
inorganic glasses, polymers, and FR4 material. Their thermal stability is high
enough for most of the technological applications (decomposition temperature
> 270°C). The Ormocer(® materials are discussed in more detail in Section 2.4,
together with the process parameters for the application of the optical layers.

The inorganic polymer glass (IPG), developed by Redfern (currently RPO) [22], is
a reactive branched-chain polysiloxane. Georgia Institute of Technology reported
IPG waveguide losses of 0.24 dB/cm at 1322nm and 0.52dB/cm at 1548 nm [23].

The University of Dortmund reported on two-component room temperature
crosslinking polysiloxanes of Wacker Chemie GmbH. The cladding materials are
standard commercial polymers, whereas the core polymer is a special develop-
ment of Wacker in close cooperation with the University of Dortmund [27, 28].
Typical loss figures at 850nm are 0.05dB/cm. The optical layer is laminated
between two FR4 boards by standard PCB processes. Good adhesion to the FR4
is achieved by using special adhesion promoters. The board stability has been
tested against soldering reflow conditions by subsequent annealing at 230°C for
5minutes. No degradation effects in the optical transmission could be observed.
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Epoxies

Epoxies to be used for low loss optical waveguides are developed by Luvantix,
NTT, and by micro resist technology (EpoCore, EpoClad). The epoxy duromer
type EpoCore and EpoClad, are new materials for optical waveguides in PCB
for New Generation Interconnection Technology (NeglIT) [15], and have a high
heat and pressure resistance, tunable refractive index (core/cladding), and a
high transmittance at 830nm (0.1-0.2dB/cm for lithographic defined waveg-
uides) [13]. The UV-curable epoxy from Luvantix has a controllable refractive
index (1.38-1.52), low birefringence, and a low propagation loss of 0.04dB/cm
at 830nm [19]. NTT reported on multimode waveguides based on UV-curable
epoxy, both for core and cladding, with a propagation loss of 0.1 dB/cm at 850 nm
[18].

Polynorbornenes

BFGoodrich has over three decades of experience with cyclic olefins (e.g., nor-
bornene type monomers) and polymers derived therefrom. Recently, they have
developed a novel catalyst system that allows the addition polymerization of
norbornene-type monomers. The innovation of the catalyst system leads to a
new generation of polycyclic olefins, enabling cyclic olefin based waveguide
polymers, with intrinsically good optical, mechanical and moisture absorption
properties. The intrinsic properties of the polynorbornene system include low
transmission loss (< 0.1dB/cm at 820nm), wide spectral range (< 0.4dB/cm at
450nm and < 0.1dB/cm at 515-870nm), low birefringence, consistent difference
in index over a wide temperature range, long-term thermal stability (>2000h at
125°C), high glass transition temperature (> 280°C), and low moisture absorption
(<0.1%). Candidate materials have been identified as core and cladding compo-
nents for optical waveguides. The refractive index of a typical core material is
1.53, and of a typical cladding material, 1.50 at 820 nm.

24 Ormocer®s

The materials

The first step of the Ormocer® synthesis is a hydrolysis/condensation reaction,
which starts with commercially available functionalized alkoxysilanes or novel
synthesized perfluoroaryl silanes and leads to the formation of organically mod-
ified inorganic nanoscale oligomers (Figure 2.4). Their size and shape can be
influenced easily by modifying the polycondensation conditions (such as, e.g.,
catalyst, concentration, solvent, or temperature) ([14, 29, 30]). Several organic
side chains, carrying the polymerizable functionality, are appended to the inor-
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ganic Si-O-5i backbone of the individual oligomers. Residual Si-OH groups can
be reduced by silylating agents.

The second processing step after the addition of thermal- and/or photoinitiator
contains a polymerization reaction, leading to a fully crosslinked three dimen-
sional network. This is one of the reasons for the good structure accuracy up to
temperatures of 270°C in comparison to conventional thermoplast materials. The
Ormocer® materials have been developed to come as ready to use photosensi-
tive mixtures.

Processing

The fabrication of a three-layer Ormocer® structure (undercladding, core, and
uppercladding) is eased by the possibility of changing and influencing the re-
fractive index of the materials by mixing different components. This allows both
cladding and core layers to be fabricated using the same material, which facili-
tates the compatibility and stacking of the layers. The refractive indices are 1.5306
and 1.5475 for cladding and core, respectively, at a wavelength of 830nm. The
thickness of the optical layers is determined by the viscosity of the solution being
applied. In order to change this viscosity and, hence, the thickness of the layers,
the resin can be diluted (Figure 2.5). The Ormocer® layers (each 50 ym thick)
are prepared by spincoating at, typically, 700 rpm for 40 sec for a dilution of 20:1
(20Vol.% Ormocer® and 1 Vol.% propylacetate). Because the uniformity of the
layers enhances at higher spin speeds, for further experiments the non-diluted
solution is used. Spin speed of 1500 rpm for a 50 um thick cladding layer, and
1800rpm, for a 50 um core layer. The spin speed is slightly different, because
cladding and core have a different viscosity: at 25°C and solvent free 2.5-4Pa s
(Ormoclad), 3-4Pa s (Ormocore). Spincoating is used in this PhD dissertation
since sample sizes are not exceeding 10x10 cm?.
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Figure 2.5: Spin curves for Ormocer®)
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Table 2.3: Process flow for the application of one Ormocer® layer

Before applying the Ormocer® layers, the substrates are cleaned with aceton-
IPA-DI water, and dried on a hotplate (120°C) for 20 min. See Table 2.3 for an
overview of the process flow. After being spun on, the layers are treated ther-
mally (prebake) at 80°C for approximately 2 min. UV exposure is used at a typi-
cal power density of 10mW /cm? (UV lamp OmniCure, broadband) for approx-
imately 40sec. After the UV exposure, the samples undergo a second thermal
treatment (postbake) at 80°C-120°C for 5min. After a 1 min cool-down period,
the layers are developed for approximately 20 sec in Ormodev [13]. Finally, the
samples were treated for approximately 180 min at 150°C (final curing step). This
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Figure 2.6: Planarization properties of Ormocer®), measured using a Tencor Alphastep-
200 stylus profiler

process sequence is used for both cladding and core. It seems that after final cur-
ing of the undercladding layer, the adhesion of the core layer is not very well.
This is solved by using an O, plasma, but as this requires an additional process-
ing step, an alternative solution is found. When the undercladding and core layer
are cured together, no adhesion problems are observed.

One of the issues associated with optical waveguide integration onto a PCB is the
surface roughness of the FR4 substrate. Figure 2.6 illustrates the planarization
properties of the Ormocer®): surface profile of the FR4 substrate, and surface
profile of the 20 ym thick cladding layer, spincoated on top of the FR4, measured
using a surface profiler (Tencor Alphastep-200, with a scanning stylus of 12.5 um
radius). The long-period roughness is 300nm on a 5000 um period. There are
two explanations for the good planarization properties: (1) it is a low molecular
weight material that has the ability to smooth out easily and (2) shrinkage is not
a major concern.
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Swurface Statistics:
Ra: 3.37 nm

Eq: 4.07 nm

Rz: 25.39 nm

Rt: 27.40 nm

Set-up Parameters:
Bize: 736 X 480
Sarmpling: 84.00 nm

Processed Options:
Terms Removed:
Tilt

Filtering:

None

Figure 2.7: Surface roughness of one Ormocer® cladding layer integrated on FR4

Figure 2.8: Cross-section showing electrical tracks covered by an Ormocer® layer inte-
grated on a halogen-free FR4 substrate

Short-period roughness is measured using a non-contact optical profiler (WYKO
NT2000), scan area of 60x45 ym?, tilt removed, gives an R, surface roughness of
3—4nm (Figure 2.7).

A cross-sectional view of a standard FR4 based PCB with two electrical tracks
covered by an optical layer is shown in Figure 2.8. The optical layer is not lami-
nated in the PCB but is applied onto the surface. This has obviously implications
on further process steps: different approaches and requirements for waveguide
processing, for the creation of optical coupling and interfaces, and for the assem-
bly of the boards.
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Figure 2.9: Optical transparency of Truemode™ (source: Exxelis [11])

2.5 Truemode™

The materials

The Truemode™ family of polymers is a range of multi-functional acrylate poly-
mers for the fabrication of low cost and high performance optical interconnects.
The polymers offer a unique combination of low loss, wide-range of refractive in-
dex, photo-sensitivity, and environmental stability. They are specifically designed
to be compatible with PCB manufacturing including lamination, metal coating
and reflow soldering applications. As little material synthesis information is
available in literature, the synthesis is illustrated by one example, described in
different patents [31]:

2.00g phenylthioethyl acrylate (from Bimax) was added to 2.00g methyl methacrylate
(from Sigma-Aldrich) and 1.25g ethoxylated bisphenol A dimethacrylate (from Roehm
GmbH) and thoroughly mixed. 0.25 g polymethyl methacrylate powder was added to this
solution and dissolved by stirring at 60°C for 12 h. This mixture was further reacted for
96 h at 60°C. 0.1838 g photo-initiator (Irgacure 184 from Ciba Specialty Chemicals) was
also added to the above mixture and dissolved. This solution was filtered using a 1 um
glass pre-filter and 0.2 ym Teflon filter.

Processing

The optical transparency of the polymer is illustrated in Figure 2.9, showing
low optical loss at datacom and telecom wavelengths. The refractive indices are
1.5266 and 1.5563 for cladding and core, respectively, at a wavelength of 850 nm.
Before applying the Truemode™ layers, the substrates are cleaned with aceton-
IPA-DI water, and dried on a hotplate (120°C) for 20 min. See Table 2.4 for an
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Table 2.4: Process flow for the application of one Truemode™ layer
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Figure 2.10: Non-uniformity of spincoated Truemode™ layers

overview of the process flow. The materials are applied by spincoating. Because
of the low viscosity, very low spin speeds are required to obtain a layer thick-
ness of 50 ym, and the homogeneity of the layers becomes critical. The thickness
variation for a 10x10cm? substrate is shown in Figure 2.10. The average core
thickness for a spin speed of 250 rpm is 52 yum, standard deviation of 7 um; aver-
age cladding thickness is 35 um, standard deviation of 4 um. By ignoring edges
of 1cm (edge bead), the average core thickness is 50 um, standard deviation of
5 pum; average cladding thickness is 35 pm, standard deviation of 2 ym. Cladding
layers are applied by subsequently spincoating two layers of 35 um, to obtain a
cladding thickness of 70 um. In Figure 2.11 the undercladding has a thickness
of 2x35 um, the core a thickness of 50 um, and the uppercladding a thickness of
1x35 pm.

UV exposure at a typical power density of 10mW/cm? (UV lamp OmniCure,
broadband) for 60 sec needs to be done in a nitrogen environment, to avoid the
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Figure 2.11: Cross-section of a Truemode™ undercladding, core, and uppercladding
stack, integrated on an FR4 substrate
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presence of oxygen during acrylate crosslinking. Development is optional, and
only required when using mask patterning. Subsequently each layer is baked
for 1 hour at 120°C. Surface roughness measured using a non-contact optical pro-
filer, shows similar results compared to the surface roughness of an Ormocer®
layer integrated on an FR4 substrate, scan area of 60x45 ym?, curvature and tilt
removed, gives an R, surface roughness of 3-4 nm.

2.6 Conclusions

The requirements for optical materials to be used for board-level optical inter-
connections were discussed. Thin glass sheets are a very attractive material,
as the temperature and humidity behaviour is superior to polymers, and they
show a low optical loss over a broad window. Big challenge is the fabrication of
multimode waveguides in the 70 um thick glass foils. An overview of polymer
candidates was presented, with a propagation loss < 0.1dB/cm, both for data-
com and telecom wavelengths. Both polysiloxanes (Ormocer®) and acrylates
(Truemode™) are investigated within this work. This choice was mainly deter-
mined by the low optical losses at all major wavelengths, the ability to tune the
indices of refraction, and the possibility to structure the materials using standard
photolithography. Process parameters for the application of cladding and core
layers are determined. Surface roughness of the layers has been evaluated mak-
ing use of a non-contact optical profiler, showing an R, surface roughness around
3-4nm.
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Chapter 3

Laser ablation

This chapter deals with the feasibility of KrF excimer laser-, frequency tripled Nd-YAG
laser-, and COq laser ablation for structuring Ormocer®s, Truemode™ and borosili-
cate glass sheets. The first part contains a short description of the laser ablation set-up.
In the second part, the physical nature of nanosecond laser ablation of polymers will be
discussed, introducing two processes, photodecomposition, and thermal ablation. Exper-
imental results are explained by theoretical aspects, with emphasis on surface quality of
the ablated structures. In the last part, structuring glass is addressed, based on dielectric
breakdown.

3.1 Laser set-up

3.1.1 Beam delivery unit

The custom-built ablation set-up [1] contains three different laser sources: a KrF
excimer laser, a frequency tripled Nd-YAG laser and a CO,, laser, integrated into
one system (Figure 3.1), being able to structure a whole set of materials in dif-
ferent micro- and opto-electronic applications. In addition to the experiments
related to this work, the set-up has been used for structuring stacked 2.5D optical
interconnections [2], for structuring optical interconnections integrated on a flex-
ible substrate [3], for terminating both glass and plastic optical fibers [4, 5, 6], for
structuring photoresist using laser direct writing [7], within the framework of the
European-Hiding Dies-project (HIgh Density INteGration of Dies Into Electron-
ics Substrates) [8] for microvia drilling in FR4 based multilevel PCBs, and within
the framework of the European-Shift-project (Smart High-Integration Flex Tech-
nologies) [9] for microvia drilling in polyimide based flexible substrates.
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The CO; laser (GSIL Impact SSM 2150) operates in the 9-10 um range. The max-
imum optical power is 60 W, corresponding to a maximum pulse energy of 0.4],
and a maximum pulse repetition rate of 150 Hz. The pulse length is 70nsec. The
laser emits a beam with approximately a square section, about 1cm? with a rich
mode structure, typically for TEA (Transverse Excited Atmospheric) sources. The
laser radiation is concentrated on the part to an area up to approximately 1 mm?,
by image projection (demagnification) from an irradiated mask, with an image
resolution on the order of 30 um (proportional to A/NA). Figure 3.2 illustrates the
beam path for the CO; laser. The beam is guided through a manually operated
energy controller (attenuator), with a scale ranging from 0 to 90 for minimum
respectively maximum attenuation. There is a choice between two condensor
lenses, to form the beam into either a spot or a ribbon shape, depending on the
application. The beam waist is formed behind the mask plane. A turning mir-
ror directs the beam to the motorized mask selector. A second turning mirror
directs the beam downwards to the projection lens, which projects a demagni-
fied image of the mask onto the part. A manual control allows the selection of
one of the three image lenses, with a different demagnification: L1 10x demag.
(>125]/cm?), L2 5x demag. (>20]J/cm?), and L3 2x demag. (>5]/cm?). An
off-axis camera gives an overall 40 x view of the process area. Because of this low
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Figure 3.2: Schematic of the CO; laser beam path [5]

camera demagnification, and because of the low image resolution, the exploita-
tion of CO, laser ablation for micron precision structuring is very challenging.
Even for the realization of multimode optical interconnections, it will be neces-
sary to push the image resolution to the limit.

Nd-YAG laser

The Nd-YAG laser (LWE 210-355-5000) emits pulsed UV radiation at 355 nm, the
third harmonic of the 1.064 ym fundamental. The beam has a TEMy profile, and
about 1 mm diameter when leaving the laser. The laser radiation is focussed on
the part (direct write operation) or concentrated by image projection (demagni-
fication) from an irradiated mask. The laser has a maximum power of 5W, a
maximum pulse energy of 500 J, a pulse frequency between 10 and 100 kHz (ex-
ternally triggered), a beam waist of 200 um, and a pulse duration of 30nsec. The
optical path is different for either direct write or image projection operation, but
one can change easily between the two configurations by selecting one out of two
turning mirrors. An optional trepanning unit (via drilling), formed by two rotat-
ing optical wedges, can be placed in the optical path. The trepanning diameter is
set by the angular offset of the two wedges, which are independently motorized.
The beam passes through the 10x imaging lens, which projects a demagnified
image of the mask aperture, or beam waist in the same plane, onto the part. The
same lens is used to form a 450x through the lens (TTL) image of the part, for
alignment purposes. The laser spot has typically a diameter of 20 um, which,
together with the high image resolution, is very promising for the definition of
multimode waveguide structures.
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KrF excimer laser

The KrF excimer laser (ATL Lasertechnik SP300i) operates at a wavelength of
248 nm. The laser emits a beam with rectangular section approximately 4 x 6 mm?,
with a rich mode structure. The maximum pulse energy is 20 mJ, maximum repe-
tition rate 300 Hz, and the pulse duration 3-7 nsec. Figure 3.3 illustrates the beam
path for the excimer laser. The laser beam is shaped by a mask that is imaged
on the sample by a demagnification of 10x, the image resolution is below 2 yim.
The imaging lens has a focus and tilt control of the complete machining head
that allows working at any angle. Necessarily, when tilted out of perpendicu-
lar operation, the focus control must be adjusted. A zoom microscope (30-200x)
provides an angled view of the process region, with controls for magnification,
focus, and centering with respect to the laser beam. The alignment accuracy due
to the off-axis camera view, even for a 200 x view, is limited to 3-5nm.

3.1.2 Part mounting, motion, and control

The sample is positioned on a 300x300mm? XY translation stage, which are lin-
ear motor driven stages with position encoder. The stages have a 1 ym position-
ing accuracy, and are capable of high acceleration and speed, which should allow
fast structure definition, even for a serial process. Flat samples may be held in
place either by suction, or using fixtures in the tapped holes provided. Due to the
large deformation of standard printed circuit boards (warpage), substrate suc-
tion cannot be used. When defining micron precision structures, substrates can
be attached using tape. Squaring the parts, relative to the X, Y stages, is achieved
using a low profile theta trim stage located immediately below the part support.
The manual micrometer screw gives & 3° of precision motion, with 5" resolution.

During laser machining a plume will be generated at the ablated surface. The
plume consists of evaporated material which can propagate towards the beam
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optics, and of non-evaporated particles which can drop back on the sample near
the ablated area. In order to mimimize this, fume extraction is provided.

The control software for the complete workstation is an engineering level, Win-
dows based, program allowing control of all basic machine functions. Compat-
ibility with industry file formats as Excellon, Gerber, HPGL, and DXF offers the
opportunity to define complex patterns with a CAD tool. When doing so, the
operation is fully computer controlled, without the need for an operator.

3.2 Ablating polymers: some fundamentals and ex-
perimental results

Several thousand journal publications are devoted to polymer laser ablation,
driven by interest in the basic science as well as by numerous applications that
have emerged for this high-resolution technique for material removal. A number
of reviews have appeared over the years charting the progress made in polymer
ablation at various stages of its development, for example, by Srinivasan [10], Yeh
[11], Srinivasan and Braren [12], Lazare and Granier [13], and Dyer [14]. This sec-
tion gives an overview of the basic mechanistic aspects, applied for KrF excimer
laser, Nd-YAG laser, and CO, laser ablation of Ormocer® and Truemode™
materials. A more detailed description of polymer laser ablation, with emphasis
on excimer laser ablation, can be found in the PhD work of Kris Naessens [15].

3.2.1 Ablation rate and ablation threshold

A useful starting point for the characterization of laser ablation is to measure the
depth of material removed from the surface by each laser pulse, that is, the so-
called ablation rate per pulse. Data is available on the variation of the ablation
rate x with the laser fluence F (in J/cm?) for a wide range of materials and laser
wavelengths. This is usually derived by measuring the depth h of the etch crater
produced by exposure to n pulses, i.e. x=h/n and, as such, is an average value.
It is found that a distinct threshold fluence Fr must be exceeded for significant
material removal to occur. This applies across a broad range of laser wavelengths,
spanning the long wavelength infrared [16] to the deep ultraviolet. In the UV,
the threshold for polymers can be very low, with typical values ranging from
Fr ~20-200m]/cm?, depending on the laser wavelength as well as the polymer
itself [11, 12, 13, 17]. Exposure to a large number of subthreshold fluence pulses
does not produce the same degree of removal as the equivalent single-pulse dose
above threshold. For excimer and solid state lasers, for which the pulse duration
is usually restricted to less than ~100ns, the threshold fluence Fr for a given
polymer and wavelength appears to be independent of the pulse duration.
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The KrF excimer laser ablation rate for Ormocer®) is given in Figure 3.4, showing
the dependence of the ablation rate on the laser fluence F. As the minimum pulse
energy is 1m]J for a laser beam of 4x6 mm? (see Section 3.1.1), and there is no
additional attenuator for the excimer laser, the minimum fluence is exceeding the
threshold fluence Fr. It can be seen that there is a difference in ablation rate of
about 0.1 um between Ormocer® core and cladding material. The assumption
that the ablation rate is independent of the number of pulses, is shown in Figure
3.5. Ablation depth varies linearly with number of pulses. This might be obvious,
but is not the case for e.g. PMMA (polymethylmetacrylate).
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It has been found, that, at least for a limited range of fluences above threshold,
that the ablation rate obeys a form consistent with the Beer-Lambert law [18]:

r=a 'InF/Fr (3.1)

Here « is an effective absorption coefficient determined from a fit to the exper-
imental ablation rate versus fluence data near threshold. This may differ from
the low-signal absorption coefficient of the polymer determined from its trans-
mission under low irradiance laser conditions or by using a spectrophotometer.
This difference is probably not surprising given the likely physical (e.g. tempera-
ture, density) and chemical changes that can occur in the polymer under the high
volumetric energy density loading corresponding to ablation.

Laser ablation allows the controlled removal of the surface of essentially any
polymer, and not simply those that can be thermally evaporated. Experimen-
tally it has been confirmed that extensive fragmentation of the main chains of
even thermally robust polymers (such as the polyimide family) occurs in laser
ablation, indicating that strong intra-chain covalent bonds are broken. Two spe-
cific models can be considered for the bond-breaking mechanism, photochemical
and thermal [14].

3.2.2 Ablative photodecomposition

Srinivasan [19] proposed that the absence of significant thermal damage in poly-
mers ablated with UV lasers could be explained by the fact that incident pho-
tons have sufficiently high energy (e.g. 4.9eV for KrF excimer laser) to directly
break main chain bonds. In this photochemical view of ablation, termed ablative
photodecomposition [19], decomposition reactions would take place mainly from
electronically excited states and repulsive forces between species would lead to
their rapid expulsion from the surface (volume expansion). Energy absorbed in
this bond-breaking process would restrict the temperature rise and the extent of
thermal damage to the substrate. This is the case for KrF excimer laser abla-
tion of Truemode™: a clean ablation with well-defined edges and the absence of
thermal damage (Figure 3.6). Characterization based on scanning electron micro-
scope (SEM) images shows that the laser fluence is not critical to avoid thermal
damage. In Figure 3.6 the laser fluence is 2.5]/cm?, corresponding to a pulse en-
ergy of 6mJ. Doubling the laser fluence (5]J/cm?) does not significantly change
the ablation behaviour, the difference is even critical to observe using SEM im-
ages.

A single pulse threshold follows from a photochemical model [20] if it is assumed
that n bonds per unit volume must be broken to achieve material removal, the
required fluence being estimated using;:
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Figure 3.6: Ablative photodecomposition during KrF excimer laser ablation of
Truemode™

F, =nhv/na(l — R) (3.2)

Here 7 is the quantum yield for chain scission, hv is the photon energy, which
is assumed to exceed the bond energy of the polymer chain, and R is the surface
reflection loss. A problem with this model is that 7 is very low for many solid state
polymers and the corresponding thresholds calculated from (3.2) are much larger
than those found experimentally. Quantum yields can be as low as n~ 1073,
whereas n~ 1 is needed for agreement with experiment. It might be argued that
under ablation conditions 7 increases dramatically (approaching unity) because
the rate of bond breaking reaches a high value. Even so, the problem remains
that in the run-up to this point, the polymer would be heated via non-radiative
relaxation of excited electronic states unless the time constant for thermalization
were significantly longer than the laser pulse duration. Hence the concept of a
cold photochemical process seems difficult to justify.

Purely photochemical models of ablation have met with only limited success ei-
ther because they fail to confirm the dominance of a fluence rather than irradiance
threshold [21], or because they lack quantified thresholds to compare with exper-
iment [22].
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3.2.3 Thermal ablation

An alternative explanation of UV laser ablation can be found in terms of rapid
thermal degradation of the polymer. Electronically excited states are assumed
to efficiently undergo internal conversion, leading to randomisation of the ab-
sorbed energy amongst the various degrees of freedom of the molecule on a time
scale that is short compared with the laser pulse. That a purely thermal pro-
cess can produce effective polymer ablation has been confirmed by a number of
investigations using long wavelength CO; lasers, in which the photons couple
to vibrational modes of the molecule [16, 23, 24]. The general findings (thresh-
old behaviour, dependence on absorption coefficient) mirror quite closely those
for excimer lasers when account is taken of the generally lower absorption coef-
ficient for vibrational transitions compared with resonant electronic transitions.
This lower absorption coefficient for vibrational transitions seems to be the reason
for the thermal damage in both Ormocer® and Truemode™ materials, making
them unsuitable for far infrared based ablation. For Nd-YAG lasers operating
at 355nm, the thermal damage depends on the depth of the structures. Shal-
low structures of typically 10-20 um have a well-defined shape, deeper struc-
tures of typically 50 pm are generally bothered by thermal damage, see Figure 3.7
for Truemode™ materials. The difference between the two SEM images is the
pulse frequency: 20 kHz (lower pulse energy), and 15 kHz (higher pulse energy),
resulting in a difference in laser fluence of a factor 4. The influence of both regula-
tion current, ablation speed, pulse frequency, and laser spot size on the degree of
thermal damage has been investigated, thermal damage could not be eliminated
for deeper structures. Ablation of multimode waveguides with core dimensions
of 50x50 um? will therefore not be able at 355nm. The same result is found for
Ormocer® materials, see Figure 3.8, a clean ablation, but only for limited depths.
This opens a lot of possibilities for defining single mode optical waveguides us-
ing Nd-YAG laser ablation, as the laser spot size can be minimized to about 5-
10 pm. However, the optimization of defining single mode optical waveguides is
not within the scope of this PhD work.

A threshold-like behaviour for polymer removal can be explained by noting that
the rate k at which volatile products are formed by thermal decomposition will
have a very strong temperature dependence [25]. Assuming an Arrhenius ex-
pression is applicable, k will vary as:

k= Aexp[—FEa/RT)| (3.3)

where T is the temperature, and A and E,4 are the pre-exponential factor and the
activation energy, respectively, for the decomposition path. An apparent thresh-
old arises from the requirement that k must attain a sufficiently high value that
measurable decomposition can occur on the time-scale that the material remains
hot. This heating time is essentially defined by a combination of the laser pulse



50 Laser ablation

(a) Clean ablation for shallow structures

(b) Thermal damage for deeped structures

Figure 3.7: Nd-YAG laser ablation of Truemode™
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Figure 3.8: Nd-YAG laser ablation of Ormocer®)

duration and the rate that the heated surface layer cools via conduction to the
bulk underlying polymer when the pulse terminates. If a corresponding temper-
ature for measurable decomposition is specified as Tp, the threshold fluence can
then be estimated from [25]:

Pp = C(Tp - Tg) ja(1 - R) (3.4)

where C is the volumetric specific heat of the polymer, R is the surface reflection
loss, and T is the initial surface temperature. In deriving (3.4) heat loss through
conduction is assumed to be negligible during the laser pulse and the thermo-
optic parameters for the polymer are taken to be constants. It is likely that neither
of these is a good assumption in all cases, and that more refined heating models
are needed, such as those described in [26, 27].

Conversely, (3.4) can be used to estimate the temperature rise produced at the
surface of a polymer with absorption coefficient o when it is exposed at the ex-
perimentally determined threshold fluence Fr. In this way it is found that typi-
cally Tp >800-1000K at threshold, and under these relatively extreme conditions
polymers can be expected to undergo rapid thermolysis [14]. The low extent of
the heat-affected-zone, even at these elevated temperatures, can be explained by
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the low thermal diffusivity D of polymers and the short duration laser pulses that
are involved. For polymers with D~ 1x107%cm?/s and with a typical (excimer,
or Nd-YAG) laser pulse duration 7 =10-20ns, the characteristic heat flow depth
during the laser pulse is x4 = (D7)'/2 =31-44nm [14]. In most cases X4 is small
compared with the characteristic beam penetration depth a~! so that heat flow
from the optical deposition zone can be neglected on the time-scale of the laser
pulse. This is implicitly assumed in deriving (3.4).

It is of interest to ask whether ablation exhibits a true physical threshold. The
threshold concept was originally put forward as a convenient practical indica-
tion of the fluence at which significant material removal occurs, though it was
recognised that some degree of etching could occur below Fr [18]. This is con-
firmed in various reports in which sensitive measurement techniques have been
used to study removal in the vicinity of threshold. Kuper et al. [26], for example,
made a detailed investigation of the threshold region for polyimide, and found
that the longer wavelength 248, 308, and 351 nm excimer lasers produced abla-
tion rate-fluence curves that were consistent with a thermal ablation model. At
these wavelengths there was no truly abrupt threshold. In contrast, for 193nm
exposure the onset of removal was sharply defined and tentatively taken to be
evidence of the photochemical nature of ablation at this wavelength. Even in
this latter case, however, the surface temperature at threshold was deduced to
be ~ 840K, implying that the photochemistry occurs on a hot surface [26]. Fur-
ther discussions can be found in [28], where detailed modelling of laser-induced
thermal degradation of polymers is reported.

3.2.4 Efficient ablation

From an applications viewpoint some useful guiding principles can be derived
from the simple Beer’s Law description of a threshold ablation process [14]. For
F < Fr there is no material removal and, in the absence of significant radiative
loss from the polymer and under the condition that photochemical change (if
any) is thermo-neutral, all absorbed energy should appear as heat. When F > Fr
the depth of material subjected to a fluence exceeding Fr is ablated, thus carry-
ing away the excess fluence (F-Fr). As a consequence the thermal loading on
the polymer remains clamped at FrA where A is the beam area. Experimental
findings confirm, at least approximately, the validity of this simple view [25, 29].

If heat loss from the absorption zone is negligible, the product aFr = H is a mea-
sure of the ablation enthalpy of the polymer, that is, the minimum volumetric
energy density needed to transform the initially cool solid to volatile products. H
is found to be approximately a constant, independent of laser wavelength. For ex-
ample for polyimide and PET results obtained using 193, 248, and 308 nm lasers
give Ha3-4kJem ™3 [25]. This is close to values obtained for polymers under
long-pulse CO, laser exposure [16].
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Under these conditions it then follows that the ablation threshold is inversely
proportional to the absorption coefficient:

Fr=H/a (3.5)

This form is consistent with the predictions of the simple thermal model (3.4),
provided differences in the beam penetration depth (') do not significantly
affect the heating-cooling cycle, so that the thermal reaction time, and hence Tp,
remain constant.

From a practical perspective a high absorption coefficient is advantageous for
several reasons [14]:

e The ablation rate per pulse varies as o~ ! (3.1) so that spatial depth resolu-
tion improves.

e Fr,and consequently thermal loading of the irradiated surface, is reduced
(3.5).

e On cessation of the laser pulse, the characteristic cooling time 7. of the hot
surface is more rapid, as . =1/ Da?, and this falls with increasing . The
time spent at high temperature is thus reduced, minimizing local damage.

o When processing at a laser pulse repetition rate vp, the average thermal
loading of the polymer, given by vpH/«, is reduced. This acts to restrict
more widespread thermal damage such as might arise through exceeding
the melting temperature in a semi-crystalline polymer or the glass temper-
ature in an amorphous polymer.

As for UV lasers « values range from ~1x10* to in excess of 1x10°cm™!, ab-
lation with typical nanosecond duration lasers is characterised by a low thresh-
old fluence and precise depth control. These factors, together with a theoretical
sub-micron optical spatial resolution, bring a unique advantage to micro-scale
polymer machining and processing with UV lasers.

For polymers that exhibit weak absorption at a specific laser wavelength, it has
been shown that deliberately doping them with absorbers to raise « can dramat-
ically improve their ablation properties. Dye-doped PMMA [10] and polyimide
doped PTFE (poly-tetrafluoroethylene) [30] provide good examples of this fact.
An effect termed incubation has also been reported [31], for which UV laser ex-
posure leads to photochemical modification of a (weakly absorbing) polymer, in-
creasing its absorption coefficient and altering its ablation characteristics.
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3.2.5 Plume effects and debris

Much useful information has been gained from studies on the dynamic behaviour
and the composition of the polymer ablation plume, that is, the expanding cloud
of volatile products that is expelled from the irradiated surface by each laser
pulse. Using various chemical and physical techniques [12, 13], the plume com-
position has been found to be quite complex, with species ranging from low mass
volatile gases to large polymer fragments and, in some cases, carbonrich clusters.
Experimental ablation rate-fluence plots often differ from the description pro-
vided by (3.1). One explanation for this is that the laser beam must propagate
through the plume of ablation products that are expelled from the surface and
this may have a significantly different mass absorption coefficient to the parent
solid polymer.

Re-deposition of the ablation products on or around the ablation site is com-
monly observed, the magnitude of this debris problem being governed by the
specific polymer involved as well as the processing environment (gas, vacuum),
ablation fluence, and laser wavelength. The presence of debris is found to be a
significant obstacle to exploit KrF excimer laser ablation as a patterning technique
for Ormocer® materials. Serious efforts have been directed at reducing this re-
deposited debris, of which a summir overview is given in this section. To stress
out the problem, a cross-sectional view of debris is shown in Figure 3.9, pictures
taken at different distances around the ablated area.

In general, gas dynamic models have been developed that relate the plume ex-
pansion to the re-deposited debris patterns [32], and the potential benefits of us-
ing gas streams for clean-up have been explored [33]. Keeping the application in
mind, structuring optical layers integrated on larger PCBs, this is not the way to
proceed.

The debris is not only detrimental to the optical performance (surface roughness).
In applications where components need to be mounted on the contaminated sur-
face, the alignment becomes much more difficult. The height reference is lost,
due to the non-uniformity of the debris layer thickness, see Figure 3.9. Reliability
issues are a concern, because the layer might come loose in some cases (Figure
3.10).

Two complementary approaches are investigated for achieving optical quality
surfaces: the avoidance of debris, and the removal of debris. The avoidance of
debris is achieved by fume extraction. It has been shown that the ablation direc-
tion with respect to the fume extraction direction is important: optimum results
are obtained when the debris is extracted in the opposite direction of what is al-
ready structured, which might seem obvious (Figure 3.11). The removal of debris
is investigated using both excimer laser and CO; laser cleaning, with low laser
fluences, in order to ablate the debris layer, without affecting the actual material
surface. The poor adhesion of the debris layer could be beneficial here. Laser
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(a) Debris thickness 5.2 um
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Figure 3.9: Redeposition of ablation products on or around the ablated area (Ormocer®))
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Figure 3.10: Poor adhesion of debris (Ormocer®))

cleaning is mainly intended to remove the debris on the upper surface. Debris
removal on the vertical sidewall would require angular laser cleaning to have a
sufficient impact. Representative results are shown in Figure 3.12. The figure
shows KrF excimer laser ablated structures, that are subsequently cleaned with
a limited number of laser pulses. Excimer laser cleaning of Ormocer® is able
to remove the debris, but the bottom of excimer laser ablated areas suffer from
granular-like microstructures, discussed further on. CO; laser cleaning has a dif-
ferent impact on the debris: due to the thermal ablation the debris layer is melted,
and this way eliminated. The process is only reliable and reproducible for a lim-
ited degree of debris, and therefor the process will only be applied for cleaning
excimer laser defined microlenses, discussed in Chapter 6.

The easiest way to remove the debris on top of the upper surface, it to apply a
thin layer of resist (Microposit S1818) prior to ablation, and to remove (develop)
the resist together with the debris. This process will be applied when defining
the coupling structures in Chapter 5.
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Figure 3.11: Influence of fume extraction direction with respect to ablation direction to the
vertical sidewall surface quality (Ormocer®)
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(a) KrF excimer laser cleaning

| \ﬁ- laser spot
o

Vo

(b) CO2 laser cleaning

Figure 3.12: Laser cleaning of surfaces contaminated with debris (Ormocer®))



3.2 Ablating polymers: some fundamentals and experimental results 59

3.2.6 Surface quality

Three types of microstructures appearing on the surface of ablated polymers have
attracted a considerable deal of attention over the years [14].

One of these is the formation of well-defined cones that develop on the surface
as etching proceeds [34]. There is general consensus that cones are initiated by
particulate shielding and that their wall angle is controlled by the ratio F/Fr, i.e.
fluence above threshold. The initiating particles may arise from carbon-rich frag-
ments born in the ablation process itself or be present in the polymer as inadver-
tent impurities. Deliberate doping of a polymer with a high volumetric density
of sub-micron-sized particles can lead to the entire ablated surface being covered
with cones.

The second type of microstructures, LIPSS (Laser Induced Periodic Surface Struc-
tures), have been observed on ablated polymer surfaces [35, 36]. LIPSS have their
origin in optical interference effects and appear as regular grating-like structures.
These can extend over areas that greatly exceed the size of the spatial coherence
patch of a typical excimer beam, and may have periods down to the order of the
laser wavelength depending on exposure parameters (e.g. angle of incidence and
beam polarization).

Finally, microstructures can be driven by a relaxation of stress in the hot surface
layer that remains after the ablating pulse. It has been observed that the scale-
size of these microstructures depends on the laser wavelength. This does not,
however, appear to arise through optical interference or diffraction effects but,
rather, because of differences in the threshold fluence Fr and thermal loading on
the surface associated with changes in wavelength. This thermal loading deter-
mines the depth over which there is a sufficiently large temperature rise to allow
material flow. Although several models have been proposed to explain these
effects it seems that a fully satisfactory account has yet to emerge. The effect ap-
pears for both the KrF excimer laser and for the CO; laser when applying them
to Ormocer(®), see Figure 3.13. The scale-size of the microstructures is indeed dif-
ferent, but not only the scale, also the kind of structures. That these structures are
driven by a relaxation of stress, is proved by a subsequent thermal step: when
the samples with the microstructures are put in a conventional oven for about
2hour at a temperature of 170°C (approximately the final curing temperature of
Ormocer®) the microstructures disappear for the CO, laser induced structures
(Figure 3.14).
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(b) COs- laser, 4 pulses

Figure 3.13: Formation of microstructures on the bottom surface of the ablated area
(Ormocer®)
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Figure 3.14: Smooth surface after annealing of CO: laser induced microstructures
(Ormocer®))

3.2.7 Surface roughness

For polymers that do not suffer from stress relaxation microstructures and, under
appropriate conditions, can be processed to eliminate cone formation and LIPSS,
an interesting question arises as to how smooth the ablated surface will be. This
is not solely of academic interest but also of practical importance in applications
such as forming polymer waveguides for board-level optical interconnections.
For this optical application surface roughness must be minimized to reduce scat-
tering loss. Based on experiments with Ormocer®s, one can conclude that the
surface roughness is far too high for optical waveguiding applications: the pres-
ence of both debris and microstructures are serious problems. This is different
for the Truemode™ materials: no deposition of debris, and no presence of mi-
crostructures.

An analysis of the limiting factors that govern the roughness of an excimer laser
ablated polymer surface needs to take account of both material aspects (e.g. in-
trinsic inhomogeneity) and optical factors. At the optical level it has been pro-
posed [37] that statistical fluctuations in the spatial fluence distribution associ-
ated with the highly multimode beam of the excimer laser set a fundamental



62 Laser ablation

limit. These pulse-to-pulse fluctuations produce a theoretical surface roughness
in ablation that scales as m'/? where m is the number of exposure pulses, and
for deep etching may be expected to produce roughness of hundreds of nanome-
ters. A second more practical limitation relates to random fluence variations in a
nominally uniform fluence beam which produce roughness scaling directly as
m. These might easily be introduced by optical imperfections in the excimer
laser beam delivery optics. Experiments with Fy (157 nm) laser ablated PMMA
show roughness varying as m rather than m'/2 [37], with R, 200 nm for m =500.
This finding suggests that stationary fluence variations rather than pulse-to-pulse
mode fluctuations are dominant.

This roughness refers only to the bottom of the ablated area. For the ablation of
optical waveguides, not the bottom area is of interest, but the roughness of the
vertical sidewalls must be minimized. The impact of both the stationary fluence
variations and the pulse-to-pulse mode fluctuations are of no importance here.
What determines the final roughness is the roughness of the mask that shapes
the laser beam, and that is imaged on the sample (all in the assumption that de-
bris does not contaminate the sidewall). The excimer laser imaging lens has a
demagnification of 10, which means that the roughness of the mask is divided
by 10. There are several ways to make suitable masks depending on the laser
fluence, required accuracy, and the quality of the edge definition. The easiest
approach uses a metal sheet as base material and the desired mask pattern is
simply cut out with mechanical tools via drilling, sawing and milling. Although
such masks can be fabricated rather rapidly, the edge definition of the apertures
is generally very poor due to burring, and is unsuitable to achieve high quality
sidewalls. A less conventional technique uses a polymer as mask substrate. Al-
though polymers generally have low ablation thresholds, and thus limit the mask
lifetime, they can be machined very accurately with the KrF excimer laser. Ob-
viously, these polymer masks can not be used for shaping the CO, laser beam.
In this work all masks used for shaping the KrF excimer laser beam, were fab-
ricated using a 50 um thick polyimide film. As the film is not self-supporting,
it is glued onto a metal frame fitting in the mask holder. The resulting sidewall
quality is shown in Figure 3.15 (pulse energy 6 m], corresponding to a laser flu-
ence of 2.5]/cm?, ablation speed 82 um/s). The impact of the mask quality is
reduced for dynamic ablation, because the roughness of the mask is averaged
during movement. Roughness measurements using a non-contact optical pro-
filer, confirm the smoothness of the laser ablated sidewall, 18 nm R, and 23 nm
RMS roughness (cylinder and tilt removed), measured on an area of 60x46 um?
(Figure 3.16) (pulse repetition rate 200Hz). A complete study of the impact of
the ablation parameters on the resulting sidewall roughness of waveguides is in-
cluded in Chapter 4.
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Surface Statistics:

Ea: 17.67 nm
Eq 22.86nm
Rz: 214.49 nm
Rt 244.33 nm

Set-up Parameters:
Size: 736 X 480
Sampling: 2.03 nm

Processed Options:
Terms Removed
Cylinder & Tilt
Filtering:

Mong

Figure 3.16: Roughness of a KrF excimer laser ablated sidewall (Truemode™})
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3.2.8 Dynamic ablation

For static ablation the crater depth is obviously equal to the number of laser
pulses, multiplied by the ablation depth per pulse x. For dynamic ablation us-
ing a rectangular beam spot of length a that moves with a constant velocity v
while the laser is firing at a constant repetition rate v, the depth of the ablated
groove equals:

depth = zva/v (3.6)

If the laser is only fired during beam translation over the substrate, the ablated
groove will feature a ramp with an angle ¢ =atan(depth/a) at the start and the
end. During ablation the surface below the laser beam has the same inclination
Oramp- If deep tranches are to be fabricated (e.g. 50 um), it is generally a good idea
to choose a large aperture in the scan direction. This does not only improve the
ablation speed (more material is removed per pulse) but will also limit 6,4y,p. In
[38] it is suggested that enhanced debris deposition occurs in the ablated groove
as the ejected fragments from the ablating surface front are launched towards
the groove and debris deposition can be considered as a sort of self-PLD (Pulsed
Laser Deposition). An alternative is to ablate the grooves gradually by scanning
several times over the same surface. Even for a small aperture, the ablating sur-
face angle can be kept low by choosing a desired number of passes. This has been
evaluated for Ormocer®: comparing SEM images of both single and multiple ab-
lation (up to 6x) does not show improvement of sidewall surface quality.

3.3 Ablating glass materials

Inorganic insulators are ablated by UV laser radiation even when the photon en-
ergy does not exceed the bandgap energy (e.g. for SiO; the bandgap energy is
9.1eV, requiring a photon wavelength of 136 nm). Ablation also occurs at laser
fluences that are significantly lower than those that would be required to produce
fast thermal vaporization. This can be explained by the production of defect cen-
ters or radiative interactions with existing centers or impurities. Such changes
often result in an increase in optical absorption at the laser wavelength as well as
at other wavelengths. With optical fibers, defect formation limits the fluence that
can be transmitted. For silica glass, there have been a number of studies on the
effect of UV laser radiation on this material. An example of defect absorption fea-
tures induced by ArF (193 nm) laser radiation of hydroxyl-free silica is shown in
Figure 3.17 [39]. The 7.6 and 5.0 eV bands are due to the intrinsic oxygen-deficient
defects. The growth of the 5.8 eV band, and the decrease of the 5.0eV band, were
observed after radiation by an ArF excimer laser of 45m]/cm? per pulse at 30 Hz
with irradiation times shown.
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Figure 3.17: Optical absorption properties of dehydrated synthetic silica glass under ArF
laser irradiation [39]

Laser ablation of inorganic insulators have been studied using different kind of
conventional nanosecond laser sources: Fo excimer laser (157 nm) ablation [40],
ArF and KrF excimer laser ablation [41, 42], copper vapour laser (255nm) ablation
[43, 44], Nd-YAG laser (1064, 355, and 266 nm) ablation [45, 46, 47], and COs, laser
ablation [48].

Experiments on 70 yum thick borosilicate glass are performed using the three avail-
able laser sources, KrF excimer, frequency tripled Nd-YAG, and CO; laser ab-
lation. KrF excimer laser ablation does not allow for a clean ablation, a repre-
sentative result is shown in Figure 3.18. Microcracks along the ablated vertical
sidewall, and the deposition of debris prevent a clean ablation. Results on KrF
excimer laser ablation of grating structures [41, 42] cannot be compared with ab-
lated grooves of 70 um deep, as residual stress and formation of debris increase
with increasing laser fluence, and increasing number of laser pulses.

Representative results on Nd-YAG laser ablation of borosilicate glass, are shown
in Figure 3.19a. Changing the pulse repetition rate from 10 to 100 kHz, the regu-
lation current from 23 to 28 A, the number of pulses, and heating the glass sample
to an elevated temperature of 100°C, did not substantially improve the result as
shown in Figure 3.19a. Because of the small laser beam diameter, and the inten-
tion to use laser ablation for the definition of multimode waveguide structures,
the use of the trepanning unit is also investigated, see Figure 3.19b, with similar
surface roughness as without trepanning unit.

It is expected that subsequent etching of the debris using a solution of HF, to-
gether with temperature annealing would substantially improve the results, but
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Figure 3.18: KrF excimer laser ablation of a 70 yum thick borosilicate glass sheet

as this requires two additional processing steps that are not compatible with stan-
dard PCB technology, this is not further investigated.

Optimum results are abtained using CO; laser ablation, shown in Figure 3.20.
Smooth surfaces and the absence of microcracks are obtained when cutting
through the entire glass sheet. Ablation speed is 400 um/s, pulse repetition rate
50Hz, and a laser spot of 200 um diameter. This learns that 25laser pulses are
required to achieve a smooth surface, for a glass sheet thickness of 70 yum. The
results as shown in Figure 3.20 are very promising, however, there are three very
important limitations:

e Ablation to a certain depth (< 70 um) does not result in clearly defined side-
walls.

e The presence of material underneath the glass sheet (polymer cladding,
FR4, or copper) might result in contamination of the sidewall.

e Starting and ending the ablation in the middle of the glass sheet results in
cracks near the starting and ending point.
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(b) Using the trepanning unit

Figure 3.19: Nd-YAG laser ablation of a 70 um thick borosilicate glass sheet
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Figure 3.20: COx laser cutting of a 70 um thick borosilicate glass sheet
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These limitations (especially the third one) make it impossible to use laser ab-
lation for the definition of waveguides in glass sheets. However, ablation of a
coupling facet is possible. Surface roughness of the facet is measured using a
non-contact optical profiler, showing an R, roughness of 500-600nm, on an area
of 90x205 ym?.

3.4 Conclusions

The working principles of KrF excimer laser-, frequency tripled Nd-YAG laser-,
and CO, laser ablation for structuring Ormocer®s, Truemode™ and borosili-
cate glass have been explained. It has been revealed that structuring multimode
optical interconnections using laser ablation offers a lot of potential for the com-
bination KrF excimer laser - Truemode™, showing very smooth sidewall sur-
faces, with an R, roughness around 20nm. Generation of debris, and the pres-
ence of microstructures are two fundamental limits for structuring Ormocer®
materials using KrF excimer lasers. It has been shown that frequency tripled Nd-
YAG lasers are capable of structuring shallow grooves with smooth surfaces, but
grooves with a depth of 50 um introduce too much thermal damage. This offers
a lot of potential for structuring single mode optical waveguides, not within the
scope of this work. CO; lasers can be used for smoothening polymer surfaces,
but introduce serious thermal damage when ablating polymers. Best results for
structuring glass are obtained for CO; laser ablation, minimizing the presence of
debris, and under the right circumstances, without microcracks.
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Chapter 4

Planar waveguides

In this chapter, multimode waveguides integrated on a PCB are discussed. In a short
literature overview different fabrication technologies are compared. Next, the experimen-
tal results on laser ablated waveguides are presented. Special attention is given to the
optimization of the sidewall roughness. Cut-back loss measurement results are given,
and compared to the loss of photolithographic defined waveguides. Finally, some realized
single mode waveguide structures are included.

4.1 Introduction

For the guided-wave transport of optical signals on a PCB, optical propaga-
tion in fibers and waveguides have been proposed in Chapter 1. Conventional
fiber is certainly the most established technology and offers the lowest losses
(few dB/km). The involved materials are qualified and reliable, and the technol-
ogy is readily available from multiple sources. Drawbacks are the hardness of the
material which makes interface preparation a complex task. A fiber termination
procedure is being developed within Chapter 7. In general, today’s fiber con-
nector technology is still too expensive, in particular with regard to the targeted
large number of optical channels [1]. Small-core plastic optical fiber might be an
attractive alternative in this context. In general, fibers only offer point-to-point
links, i.e. the implementation of splitters is only possible in combination with
additional components. Waveguides are expected to be more cost efficient than
fibers, they offer a higher degree of integration compared to the individual wiring
of many discrete fibers, and arrays of them can be fabricated more densely than
standard fiber ribbons. Fabrication of splitters, in-plane crossings and combiners
is straightforward. Attenuation (few dB/m) is ca. 1000 times higher than for fiber,
which is still sufficient for a typical link length of 1 m, but which only leaves little
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margin for coupling losses. A major drawback is the relative novelty (i.e. low
maturity) of the involved materials, whose process compatibility, reliability and
lifetime remains to be properly qualified.

One open question, both for fiber and for waveguides, is the position of the op-
tical layer [1]. An optical layer at the surface of the PCB has the advantage of
minimal impact on the existing board fabrication processes, because it can be
applied at the end of a normal process chain. This is also attractive in terms of
board yield and therefore cost. A potential drawback might be the required space
on and above the board, since the board surface is usually densely packed, with
the few open spaces being used for air flow, i.e. heat management. Especially
for waveguides, another drawback might be the reduced mechanical and envi-
ronmental protection of a layer at the surface. The advantages and drawbacks
of a buried optical layer are obviously complementary. In addition, one needs to
determine where exactly the buried optical layer should be, e.g. in the center of
the board or close to the surface. Aspects that influence this decision include the
board structure (number and position of other layers, structure should usually be
symmetric), or the coupling approach (see Chapter 5). We have been focussing
on a surface level optical layer, mainly decided by the coupling approach.

Another question is the structure of the optical layer [1]. A layer covering the
whole PCB area is easier to integrate, either by in-situ fabrication, or externally
as a separate sheet that is laminated together with the rest of the layer stack. A
means to make reliable electrical contacts (i.e. plated vias) through such a layer,
however, needs to be developed. On the other hand, a small optical band, either
fabricated in-situ or externally, embedded into an FR4 layer with cutouts (inlay
technique), is more complex to integrate and align. For multilayer structures, one
need to determine whether all the single optical layers are stacked together to
one thick optical layer or whether they are interleaved with the electrical layers.
Advantage of the first method is a better layer-to-layer alignment, which is of
importance for the coupling, advantage of the second method can be an improved
board stability.

As explained earlier, we have been focussing on board-integrated waveguides,
based on acrylates, siloxanes, and thin glass sheets. The coating of the layers
has been discussed in Chapter 2. For the patterning, UV exposure (through a
conventional mask, or by serial laser writing), laser ablation, moulding, diffusion,
ion-exchange, reactive ion etching, and HF etching have been proposed. We have
been focusing on UV exposure through a conventional mask, and laser ablation.
UV exposure allows for a high throughput, but the technology is not very flexible,
and is not compatible with larger board dimensions. Laser ablation on the other
hand, offers a lot of flexibility, can be scaled to larger board sizes, and it offers the
possibility to compensate for substrate distortions, on the fly during waveguide
definition.
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4.2 Technology overview

Photolithography

The key process in which radiation sensitive organic materials are selectively
polymerized, crosslinked, or degraded has become a backbone of current opto-
and microelectronics technology. The process is based on the doping of a host ma-
terial with a photoinitiator. The higher (positive resist) or lower (negative resist)
solubility of the exposed regions as compared to the unradiated areas is exploited
during the subsequent development step. The resolution of the definable patterns
(around 0.5 um for abundantly used mask aligners) is sufficient for the definition
of multimode and single mode board-level waveguides. The main drawback is
the cost of high-resolution large area masks.

A considerable variety of photodefinable polymers are available, see Table 4.1 [2].
Recently, IBM reported on both acrylate and siloxane based waveguides [1, 3], Fu-
jitsu investigated five different polymers [4, 5], Fraunhofer IZM focusses on epox-
ies [6], Georgia Institute of Technology reported on system-on-a-package (SOP)
substrates with integrated optical interconnections based on inorganic polymer
glass [7, 8], the University of Twente is developing their own epoxy based poly-
mers to allow for contact mask aligning [9], the OptoBump concept from NTT
is based on epoxies [10, 11], and VTIT reported on SU-8 waveguides [12]. The
propagation loss at 850 nm is ranging from as high as 0.6dB/cm to as low as
0.04dB/cm. All reports on lithographic structuring of board-level waveguides
are carried out with the aid of exposure devices designed for wafers, as well 4 inch
as 8 inch technology. An approach to produce 24 inch x24 inch large-area panels is
developed by Linkoping University in cooperation with the Fraunhofer Institute
[13], based on a stepwise projection patterning from 4 inch x4 inch masks, with a
misalignment between waveguides at the border crossing of ~5 yum. Experimen-
tal results and propagation loss of photolithographic defined waveguides based
on Ormocer(® materials will be discussed in Section 4.3 and Section 4.4.

Laser direct writing

Laser direct writing is a flexible technology for direct photoresist patterning with
a focussed small beam spot without the need for masks, screens, molds, stamps or
resists with associated wet chemistry. It allows for rapid fabrication of microde-
vices and microcircuits in the application area of microelectronics, photonics,
MEMS and MOEMS. For board- and backplane-level interconnections, the prop-
agation distances are in the range of tens of centimeters and large area processing
is required. Laser writing is especially suitable for features with long linear di-
mensions in large areas. Additionally, laser writing is possible to non-planar,
rolled or flexible substrates. It permits the creation of novel structures, which are
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Manufacturer Polymer Type Patterning technique
[Trade Name]
Amoco fluorinated polyimide photolithography
[Ultradel]
Corning acrylate photolithography
RIE/laser ablation
halogenated acrylate photolithography
RIE/laser ablation
Dow Chemical benzocyclobutene RIE
[Cyclotene]
perfluorocyclobutene photolithography
[XU 35121]
Exxelis acrylate photolithography
[Truemode™] laser ablation
laser direct writing
General Electric polyetherimide RIE/laser ablation
[Ultem]
Hitachi fluorinated polyimide photolithography
Micro resist technology  polysiloxane photolithography
[Ormocer®] moulding
epoxy photolithography

NTT

Luvantix
Optical Crosslinks

Promerus
RPO

Telephotonics

[EpoCore] [EpoClad]
halogenated acrylate
deuterated polysiloxane
fluorinated polyimide
epoxy

epoxy

acrylate

[Polyguide]
polynorbornene

[Core MSDS] [Clad MSDS]

inorganic polymer glass
[IPG]
[OASIC]

laser direct writing
RIE

RIE

RIE
photolithography
photolithography
diffusion

moulding

photolithography
RIE
photolithography
RIE/laser ablation

Table 4.1: Patterning techniques for optical polymers to be used for board-level intercon-

nections
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virtually impossible with the conventional mask lithography such as waveguides
with a varying refractive index along the direction of propagation. Additionally,
restricted regions can be processed without affecting the surrounding areas as op-
posed to the other conventional planar processing technologies. Obvious benefit
is rapid prototyping and small-volume manufacturing [14]. A polymer optical
backplane with 1 m transmission has been manufactured by Daimler Chrysler
[15, 16], based on laser written waveguides with a core section of 250x200 ym?.
Heriot-Watt University is using a direct write system based on a HeCd (wave-
length 325nm) UV laser [17]. Fraunhofer IZM’s direct write process is based on
a Siemens Dematic Microbeam 3200 (wavelength 355 nm), for structuring epoxy
based polymers on larger areas [6]. The results from IBM apply both for litho-
graphic defined and laser written waveguides [1, 3].

Diffusion and photolocking

A waveguide manufacturing process based on internal monomer diffusion and
photolocking by using an acrylate polymer film is the DuPonts trademark
Polyguide process, currently available at Optical CrossLink under the name
GuideLink. Waveguides are defined with light-induced polymerization and
monomer diffusion in the binder polymer matrix to create local higher index
areas for waveguide cores within the polymer foil [18, 19]. Square step or graded
index core profiles and customisable numerical aperture varying from 0.1 to 0.3
are available. Losses for multimode foils of 0.08 dB/cm at 850nm are achieved.
Fabrication is implemented on a reel-to-reel process in 30x40cm? flexible sub-
strates. Structural integrity and thermo-mechanical stability is achieved by using
high T, and low CTE buffer film laminates, such as Kapton polyimide.

Moulding

Polymeric optical components have always been regarded as having the potential
of low cost fabrication. Well-established industrial replication techniques such as
casting, moulding, hot embossing, and soft embossing contribute to the fulfil-
ment of such expectations.

In the hot embossing process, the waveguide structures are imprinted into the
optical polymer with an embossing tool under pressure at elevated temperature.
Two hot embossing processes for waveguide fabrication, groove-filling and rib-
cladding, are reported. In the groove-filling approach the waveguide structures
are imprinted into the cladding material and filled with a higher index core ma-
terial. After curing the uppercladding is laminated. In rib-cladding process the
waveguides cores are manufactured first and laminated on top of the under-
cladding substrate. Besides the waveguide structures, the embossing tool can
contain micromechanical structures for alignment and coupling. Siemens C-LAB
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[20, 21], the University of Dortmund [22], the University of Ulm [23], and Fraun-
hofer IZM [24] have been investigating this process for quite some years. More
recently, results from research institutes in Korea have been reported [25, 26, 27].

Currently the embossed substrate size is limited to ~ 15-20 cm substrates, using
the embossing tool from Jenopik Mikrotechnik GmbH. Due to the nature of the
process, the embossing tool defines ultimately the resulting physical dimensions,
surface coplanarity, tolerances and sidewall roughness and is therefore the key to
ensure the quality of the waveguides. Conventional CNC-machined embossing
tools are suitable for larger structures (> 100 um), but do not meet the sidewall
roughness requirement realized by employing lithographic techniques. Features
ranging > 1 um are realized by making a master with combined UV-deep lithog-
raphy and electroforming process. The surface roughness of an electroformed
nickel tool is less than 10nm. A patterned silicon wafer can be used as an em-
bossing tool as well. For very high resolution and aspect ratios, X-ray lithogra-
phy LIGA or laser-LIGA tool manufacturing has to be used. Good uniformity
can be obtained over the whole surface, but inevitably the replication process
introduces an additional degree of roughness to the waveguides which adds a
significant scattering loss contribution to the overall waveguide loss. This scat-
tering loss is typically between 0.1-0.3 dB/cm for wavelengths in the range from
633 to 850 nm [28].

Recently, the University of Dortmund reported on an adopted casting in combina-
tion with doctor blading as a polysiloxane waveguide fabrication method [29, 30].
In the reported experiments standard 6 inch technology has been applied, exten-
sion to larger formats (300x400mm?) is under development. The technique al-
lows simultaneous fabrication of waveguides together with integrated micromir-
rors. First the waveguide cores are fabricated by filling the grooves in the mould
by the core polymer. This is accomplished by the doctor blade technique. Then
the core material is thermally cured, and in a next step the waveguide substrate
layer is fabricated by applying the liquid cladding polymer to the mould, and,
subsequently, the substrate carrier is pressed against the mould. Copper struc-
tures on the substrate define the thickness of the waveguide substrate layer. The
superstrate layer is applied identically. Other reports on moulded waveguide cir-
cuits include reports on soft embossing of SU-8 by the University of Texas [31],
and casting of polynorbornenes by BFGoodrich [32].

Laser ablation

Laser ablation offers basically the same advantages as laser direct writing, it al-
lows rapid fabrication, and is scalable to larger board dimensions. The technol-
ogy is compatible with standard electrical PCB manufacturing processes, as it
is already used for drilling microvias and trimming resistors. Moreover, it al-
lows to define not only waveguides [33], but also coupling structures [34], mi-
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crolenses [35], and alignment marks. Reports on optical loss of laser ablated
waveguides from other research groups are to our knowledge not available so
far. Experimental results and propagation loss based on KrF excimer laser ab-
lation of Truemode™ will be discussed in Section 4.3 and Section 4.4. As was
presented in Chapter 3, other combinations between available laser source, and
investigated optical material are not suited for optical waveguide applications.

Diffusion and ion-exchange process

Processes for fabricating gradient index waveguides on glass substrates are based
on diffusion and ion-exchange. Modifications to the basic processes are for ex-
ample thermal diffusion, thermal ion-exchange, field-assisted ion-exchange, wet
or dry ion-exchange. The ion-exchange process is one of the most widespread
technologies for the fabrication of optical waveguides in glass substrates. Fraun-
hofer IZM reported first experimental results for electrical optical circuit boards
using ion exchange in molten salts based on borosilicate glass D263T from Schott
[36], the same glass foils as being investigated within this PhD dissertation. At
the glass interface monovalent alkali ions, mostly sodium, become very mobile
under influence of a hot salt melt. Alkali ions of the glass are exchanged by dif-
fusion with alkali ions of the salt melt. If these ions have other ionic radii and
polarizability, a variation of refractive index is possible. Therefore dopants could
be Li, K, Cs, Rb, Ag, Tl and Cu. Due to the availability of the cations sodium
and potassium in D263T it is possible to produce channel waveguides using the
ion exchange technique. The exchange efficiency is affected by temperature, con-
centration of dopants in the salt and the glass and the exchange time. Increase in
productivity is possible if the thermal statistic movement of ions can be enhanced
by a directed force like an electrical field E or a thermal gradient.

HF etching

PPC Electronic’s OptoBoard [37] is based on HF wet etching of borosilicate glass
D263T. The 70 um thin glass sheet contains arrays of waveguides, all etched si-
multaneously, with the possibility to include alignment marks, see Figure 4.1.
The process sequence includes glass cleaning, metal coating, photoresist coating
and patterning, metal patterning by wet etching, photoresist stripping, glass wet
etching with modified HE, metal mask wet etching, glass cleaning, and coating
with polymer cladding material. The process has partly been developed within
the European IST-IO-project (Interconnect by Optics) [38], and developed further
within the European PIDEA-Orbita-project (Optical Routing Backplanes Intranet-
working for Telecom/datacom Applications). The waveguide samples provided
by PPC Electronic are further investigated within this work for the definition of
coupling structures, using CO; laser ablation, results are presented in Chapter 5.
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Figure 4.1: Array of waveguides in a 70 um thick borosilicate glass sheet defined by HF
etching (source: PPC Electronic [38])

4.3 Fabrication

In Chapter 3 it has been shown that KrF excimer laser ablation of Truemode™
has the potential of defining multimode waveguides with very smooth sidewalls,
without the deposition of debris, and without the presence of microstructures.
The process flow for defining waveguides using laser ablation is shown in Table
4.2. The cladding and core layers are deposited as described in Section 2.5, the
core layer is structured prior to deposition of the uppercladding. An SEM image
of a single waveguide fabricated using KrF excimer laser ablation is shown in
Figure 4.2. The width of the waveguide is determined by the distance between
the two grooves. The grooves have a depth of at least the thickness of the core
layer, being 50 um, with a standard deviation of 5 um. Removing more mate-
rial, being ablation of undercladding material, is not a problem, as the groove
will be filled up with uppercladding material anyway. The starting and ending
points of the grooves feature a ramp with an angle 6 = atan(depth/a), with a be-
ing the length of the rectangular beam spot. These ramps do not have a function,
as separate mirrors will be fabricated to allow in- and outcoupling. The final
optimum ablation parameters are given by: 2.5+ 0.5]/cm? laser fluence (corre-
sponding to a pulse energy of 6mJ), 200Hz pulse repetition rate, 75x300 ym?
laser spot dimensions, 340 ym/s ablation speed, and 125 um pitch to pattern an
array of waveguides. The 125 m pitch subtracted with the 75 ym width of the
laser beam, results in a nominal 50 ym waveguide width. In Figure 4.3 a cross-
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‘ undercladding ‘
!

‘ core (flood exposure) ‘

!

‘ core microstructuring ‘

!
‘ uppercladding ‘

Table 4.2: Process flow for the definition of waveguides by laser ablation

‘ undercladding ‘
!

‘ core (mask patterning) ‘

!
‘ uppercladding ‘

Table 4.3: Process flow for the definition of waveguides by photolithography

sectional view shows the non-perpendicularity of the waveguide sidewalls. The
height is 52 yim, the width 52 ym and 68 ym at the top and bottom respectively.
This tapering results from the limited depth of focus (DOF) of the beam delivery
system, material specific ablation properties, and the laser fluence. However, the
contribution of the surface roughness to the optical loss, is much more impor-
tant than the cross-sectional shape [39]. For that reason, the optimization of the
waveguide ablation process, is oriented towards sidewall roughness, instead of
cross-sectional shape. An array of KrF excimer laser ablated waveguides on a
pitch of 125 um is shown in Figure 4.4. The pitch is chosen to be compatible with
125 pm and 250 ym standards. Smaller pitches down to 62.5 um have not been
investigated.

There are two obstacles to exploit KrF excimer laser ablation as a patterning tech-
nique for Ormocer®). The first obstacle is the re-deposition of the ablation prod-
ucts on or around the ablation site, and the second obstacle is the presence of
surface microstructures on the bottom of the ablated cavity, as was discussed in
Section 3.2. For that reason photolithography is used to pattern the waveguides.
A microscope image of an array of 45x120 um? waveguides on a pitch of 250 um
is shown in Figure 4.5. A mask opening of 50 ym results in a waveguide width of
120 um. This arises from the requirement of a non-contact mask condition, and
could be eliminated by controlling and reducing the mask-optical layer distance.
As this is not supported by the available mask aligner, this has not been further
investigated.
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Figure 4.2: SEM images of excimer laser ablated waveguides (Truemode
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Figure 4.3: Cross-section of an excimer laser ablated waveguide (Truemode™)

Figure 4.4: Microscope image of an array of KrF excimer laser ablated waveguides on a
pitch of 125 um (Truemode™)
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Figure 4.5: Microscope image of an array of 45x 120 um? waveguides on a pitch of 250 um
defined by photolithography (Ormocer®)

4.4 Characterization

4.4.1 Surface roughness

Roughness measurements using a non-contact optical profiler confirm the smooth-
ness of the laser ablated sidewalls. Two different ablation parameters have a large
impact on the resulting waveguide surface roughness:

e The influence of the laser pulse energy on the waveguide top surface rough-
ness is investigated for pulse energies of 6 mJ and 12 mJ. The roughness de-
creases by a factor 2-2.5 for 6 mJ compared to 12m].

e The influence of the laser pulse repetition rate on the sidewall roughness
is shown in Figure 4.6. The roughness can be seriously reduced by in-
creasing the pulse repetition rate: R, of 48.9 + 6.8 nm, RMS of 61.3+8.3nm
for 50Hz, R, of 32.0+7.1nm, RMS of 41.4+ 8.7 nm for 100Hz, and R, of
21.0+4.7nm, RMS of 26.6 +5.3nm for 200Hz (based on two measured
samples). Maximum pulse repetition rate is 300 Hz, but as this pulse fre-
quency is detrimental for the excimer laser’s life time, pulse frequencies
above 200 Hz have never been used.
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4.4.2 Measurement set-up

The alignment set-up (Newport) that has been built comprises motorized XYZ
left and right stage stacks with manual tip/tilt movement, mounted on a vi-
bration isolated workstation. The motorized XY stages have a travel range of
10 cm, the Z stages a travel range of 2.5 cm, all with a bidirectional repeatability
of 50nm. The long travel range is compatible with typically used PCB dimen-
sions of 10x10cm?. The six motorized axes are controlled by a motion controller,
remote control is possible for quite simple positioning tasks. To take the full ad-
vantage of the advanced features and capabilities of the system, operation us-
ing GPIB communication interface is advisable. The manual tip/tilt stages are
mounted on top of the XYZ stack, but they are only used for visual alignment
of the sample edges with respect to the optical axes. Active tip/tilt adjustment
is not used, as in this case the measurements become very time consuming. On
each XYZ stack optical fibers are mounted, used for the in- and outcoupling. The
optical PCB is mounted on a fixed central stage.

The alignment in YZ direction is done actively, by optimizing the measured out-
put power, alignment in X direction (along the optical axis) is done using a vision
system, with a CCD camera. The camera can switch between in- and outcou-
pling to allow alignment in the X direction. Another camera is used to visualize
the light beam coming out of the waveguide, so enabling the YZ alignment at
the incoupling. Once the incoupling is roughly aligned, the optical fiber at the
out-coupling can be positioned in front of the facet, and the measured optical
power can be optimized. Subsequently adjusting in- and outcoupling allows for
maximizing the output power.

A laser diode light source from QPhotonics operating at 845nm is mounted in
a Newport laser diode mount (Model 742 DIL Mount), allowing the interface to
a Newport (Model300B Series) temperature controller, and a Newport (Model
500B Series) laser diode driver. Measurements are performed using an operat-
ing current of 32 mA, corresponding to a reference fiber-to-fiber output power of
2.92mW. Optical losses at other wavelengths are measured as well, laser sources
operating at 980 nm and at 1310 nm are driven by a current of 16.7 mA and 40 mA,
corresponding to a reference fiber-to-fiber output power of 1.92mW and 1.85mW
respectively. The optical power is measured using a Newport photodetector (818
Series), both for 850nm and 980nm. At 1310nm an adjusted photodetector is
used. The Newport optical power meter (Model 1930/2930 Series) provides a
continuous wave measurement. Both laser diode driver and temperature con-
troller have a USB interface, the power meter and the motion controller are using
a GPIB communication interface. A picture of the complete measurement set-up
is shown in Figure 4.7.
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Figure 4.7: Optical loss measurement set-up
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Truemode™  Ormocer®

Wavelength 850 nm 830nm
Cladding 1.5266 1.5475
Core 1.5563 1.5306
NA 0.3 0.23

Table 4.4: Truemode™ and Ormocer®) indices of refraction

4.4.3 Waveguide propagation loss

The ultimate test in the realization of polymeric optical waveguide circuits im-
plies the measurement of their propagation and coupling loss, here determined
using the cut-back method. The optical PCB is sawed to the required length,
the endfaces are prepared by a polishing procedure. This consists in pushing
the sample edge onto a revolving plate with decreasing grain size, flushed with
water. The surface roughness of such a manually polished endfacet is character-
ized by an R, of 184nm, and an R, of 234nm. In front of the incoupling facet,
a cleaved 50 um diameter multimode fiber is positioned, with a numerical aper-
ture of 0.2. No index matching adhesives are used. Core and cladding refractive
indices are given in Table 4.4, resulting in an NA of 0.3 for Truemode™, and an
NA of 0.23 for Ormocer®. At the out-coupling facet, light is coupled towards a
cleaved 100 um diameter multimode fiber with an NA of 0.29. For each waveg-
uide length, losses are averaged over an array of waveguides, in order to achieve
reliable results.

KrF excimer laser ablated waveguides

Optimization of propagation loss as a function of KrF excimer laser pulse repe-
tition rate is shown in Figure 4.8, Figure 4.9 and Figure 4.10, and summarized in
Table 4.5. The average propagation loss at a wavelength of 850nm for a pulse
repetition rate of 50 Hz is 0.68 &+ 0.12dB/cm, for a pulse repetition rate of 100 Hz
the average propagation loss is 0.48 +0.2dB/cm, and for a pulse repetition rate
of 200 Hz the average propagation loss is 0.45+0.16 dB/cm. Other ablation pa-
rameters are kept constant.

Pulse frequency (Hz) Propagation loss (dB/cm)

50 0.68+0.12
100 0.48+0.20
200 0.45+0.16

Table 4.5: Propagation loss optimization at 850 nm for varying KrF excimer laser pulse
repetition rate (Truemode™)
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Figure 4.9: Loss of KrF excimer laser ablated waveguides (Truemode™) at 850 nm for a
pulse repetition rate of 100 Hz



4.4 Characterization 93

4 -
Py
g
= 2 v = 0,4547x + 1,2914
9 2
£ E*=0,7291
3
g1
0 T T T T 1
0 1 2 3 4 5
propagation distance (crm)
1 4
0,8 ~

0,6 1

0,4
02
0 T T T
1 2 3 4

channel number

propagation loss (dBfcrm)
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Figure 4.11: Loss of KrF excimer laser ablated waveguides (Truemode™) at 850 nm as a
function of pulse energy

Optimization of propagation loss as a function of pulse energy is shown in Figure
4.11. Propagation distance of 8 cm is kept fixed. The average insertion loss, over
the 12 channels, for a pulse energy of 3m] is 8.48 & 1.07 dB, for a pulse energy of
6m] the average insertion loss is 5.97 = 0.54dB, and for a pulse energy of 12m]
the average insertion loss is 7.26+0.49 dB. A different pulse energy results in a
different ablation depth per pulse. This means that for a fixed ablation depth,
the ablation speed is changed together with the pulse energy, which might also
have an impact on the insertion loss. However, it is clear that for the investigated
combinations (pulse energy and corresponding propagation speed) a minimum
insertion loss is achieved for a pulse energy of 6 m].

A combination of the separately defined optimum ablation parameters results
in a propagation loss of 0.11£0.03dB/cm and an average coupling loss of
1.91+£0.07dB, see Figure 4.12. The variation of the optical loss over the dif-
ferent channels is mainly due to the non-reproducibility of the manual polishing
procedure of the coupling facets.

In addition to the propagation loss and coupling loss measurements, the crosstalk
of laser ablated waveguides is measured. The isolation between adjacent waveg-
uides on a pitch of 125 um is -35dB, for a propagation distance of 7.4 cm.

An example of a 10x 10 cm? PCB with integrated optical Truemode™ layers con-
taining arrays of KrF excimer laser ablated multimode waveguides with a prop-
agation loss of 0.11dB/cm at 850 nm can be seen in Figure 4.13.
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Figure 4.13: 1x12 arrays of KrF excimer laser ablated parallel optical interconnections
integrated on a 10x10 cm® PCB

Waveguides defined by photolithography

For Ormocer®), the propagation losses of waveguides defined by photolithog-
raphy are measured using the same measurement set-up. The losses are deter-
mined both at 850 nm and at 980 nm. The results can be found in Figure 4.14 and
Figure 4.15. The large uncertainties at 850 nm are caused by the limited mask di-
mensions, together with the low propagation losses. At 850 nm the propagation
loss is 0.08 dB/cm, the coupling loss is 2.10dB. At 980 nm the propagation loss is
0.22 £ 0.07 dB/cm, and the coupling loss is 1.17 4+ 0.21 dB.
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Figure 4.16: Relative loss spectrum of a KrF excimer laser ablated waveguide
(Truemode™")

4.4.4 Spectral attenuation

Figure 4.16 shows the relative loss spectrum (1 dB/division) of a KrF excimer
laser ablated waveguide in Truemode™. The spectrum is measured using a
50 pm fiber as input, a 100 um fiber as output and a halogen lamp as a light source.

First conclusion is that at shorter wavelengths a yellowing effect increases the
propagation loss. This yellowing is introduced by the ablation process, as it is
not present in bulk material, see Figure 2.9 on page 33. As discussed in Section
2.3.2, such yellowing results from the formation of partially conjugated molec-
ular groups characterized by broad ultraviolet absorption bands, which tail off
in intensity through the visible. Thermal coloration is a common problem with
organic polymers when exposed to elevated temperatures. Since during the ab-
lation process, the temperature rise at the surface is typically found to be > 800-
1000K (for a very short time period), it is no wonder that yellowing is introduced.
The low extent of the heat-affected-zone, explains why yellowing is rather lim-
ited. In general, the power loss as a function of time for a given temperature can
be measured by comparing the optical outputs before and after heating. Over
a wide range of temperatures, the degradation rates or yellowing rates (losses
as a function of time and temperature) were found to be well described by an
Arrhenius expression of the form:

rate = A — exp[—(E,./kT)] 4.1)

where k is Boltzmanns constant, T is the absolute temperature, £, is an activation
energy for the chemical degradation process, and A is a constant. These yellow-
ing rates can be measured, and fit to the Arrhenius law.
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Wavelength (nm) Insertion loss (dB) Propagation loss (dB/cm)

850 reference 0.11
980 -0.7 0.11dB/cm-0.7dB/7.4cm =0.015
1310 +0.3 0.11dB/cm+0.3dB/7.4cm =0.15

Table 4.6: Propagation loss as a function of wavelength (Truemode™)

For example, for acrylates from Corning [28] this results in practical stabilities
(time for thermally inducing 0.1dB/cm loss) at 840 nm of about 65 year at 100°C,
10 year at 120°C, one year at 150°C, two weeks at 200°C, and one day at 250°C.

Second conclusion out of the loss spectrum is a low loss at wavelengths of 980 nm
and 1310nm. This is verified by comparing the insertion loss of 7.4cm long
waveguides at 980nm and 1310nm to 850nm as a reference wavelength, using
the same set-up as is used for the cut-back measurements. Results are summa-
rized in Table 4.6. At 980nm the average insertion loss is decreased with 0.7 dB,
at 1310nm increased with 0.3 dB. This means a waveguide loss of 0.015dB/cm
at 980nm, and 0.15dB/cm at 1310nm. At these wavelengths the loss of laser ab-
lated waveguides is lower compared to photolithographic defined waveguides.
However, further cut-back measurements are required to confirm the propaga-
tion losses at 980 nm and 1310nm.

4.5 Single mode waveguides

The integration of single mode waveguides on a standard PCB is not within the
scope of this PhD work. However, within the framework of a project with Mo-
torola, the aim was to fabricate out-of-plane coupling structures for single mode
waveguide samples provided by the Fraunhofer IOF Institute. The fabrication of
the out-of-plane couplers will be discussed in Chapter 5. The characterization of
the test-bed waveguides is described in this section. Single mode interconnec-
tions are further investigated within the ongoing PhD work of Nina Hendrickx,
Ghent University.

The single mode waveguides are defined in Ormocer® by photolithography, and
have a cross-sectional shape of 7x8 um?, as is shown in the cross-section in Fig-
ure 4.17. To measure the loss of a vertical coupling structure, the propagation loss
and the coupling loss for horizontal out-coupling facets must be known first. The
propagation loss are determined at a wavelength of 1.3 um. Material specifica-
tions predict a propagation loss of 0.2-0.3dB/cm. A cleaved single mode fiber
is placed in front of a polished horizontal in-coupling facet. No index matching
adhesives are used. At the out-coupling facet, the detector is placed in front of
the facet.
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Figure 4.17: Microscope image of an array of single mode waveguides defined by pho-
tolithography (Ormocer®))
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Figure 4.18: Loss of photolithographic defined single mode waveguides at 1310 nm
(Ormocer®), based on samples provided by the Fraunhofer IOF Institute
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The cut-back method is used, and the insertion losses are measured at lengths of
3.2, 2, and 1.4 cm, resulting in an average propagation loss of 0.62dB/cm and a
standard deviation of 0.08 dB/cm, as shown in Figure 4.18.

The higher attenuation loss compared to the specifications might be due to the
higher surface roughness of the PCB substrate compared to that of a silicon sub-
strate. Coupling loss for two polished facets is 2.76 dB. Coupling loss could be
further reduced by using index matching adhesives. This propagation and cou-
pling loss will be used to determine the excess loss of a vertical out-coupling 45°
micromirror, described in Chapter 5.

4.6 Conclusions

Experimental results on KrF excimer laser ablated waveguides have been pre-
sented. Using acrylate materials (Truemode™), multimode waveguides with a
propagation loss of 0.11dB/cm at 850nm have been integrated on 10x10cm?
PCBs. The loss spectrum revealed that longer wavelengths could be used as well,
opening possibilities for telecom applications at the board-level. Comparing the
insertion loss at 850 nm to the insertion loss at 980 nm and 1.3 ym, gives a prop-
agation loss of 0.015dB/cm at 980nm, and 0.15dB/cm at 1.3 um. Even though
laser ablation remains a serial process, it allows for a simultaneous fabrication of
arrays of waveguides, using an array of apertures instead of a single aperture,
with the size of the laser beam as the limiting factor. Multiple laser beams could
be integrated into one system, in order to speed up the process.

Waveguides defined by photolithography have been structured in hybrid ma-
terials (Ormocer®), with a propagation loss of 0.08dB/cm at 850nm, and
0.22dB/cm at 980 nm.

State-of-the-art waveguides described in the technology overview in Section 4.2
indicate waveguide propagation losses ranging from as high as 0.6 dB/cm to as
low as 0.04dB/cm. A standard measurement procedure for board-level multi-
mode waveguides is emerging in order to be able to benchmark the different
materials and technologies.
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Chapter 5

Coupling structures

This chapter deals with the fabrication of out-of-plane coupling structures. Different ap-
proaches are given, with emphasis on the fabrication of 45° micromirrors. A process for
embedding metal coated mirrors is being developed. Characterization results based on
surface roughness, angle accuracy, and coupling loss are presented. Next, the fabrication
of optical vias allowing the introduction of a pluggable component is described. Finally,
the use of laser ablation to acces the optical layers through fiber reinforced epoxy is dis-
cussed.

5.1 OJ/E coupling

Light coupling structures are crucial to couple light in and out of the planar
waveguides. At the incoupling, low cost vertical cavity surface emitting lasers
are being considered worldwide, in order to convert the electrical signals into
light. Telecom-class lasers are not considered for possible applications because
of their cost. VCSELSs operating at 850 nm and at 980 nm are available as 1D and
2D arrays, which is necessary in order to provide the large number of required
channels, and they can be processed and tested on the wafer-level, which is im-
portant for cost reasons. VCSELs have been on the market for several years, i.e.
the technology is rather mature. Commercial devices are available at 10 Gbps [1],
and experimental devices have been operated at 25 Gbps [2]. On the other end, to
convert the optical signal back to an electronic signal, various types of matching
photodiode arrays are available [3].

One of the most complex parts of the technology is the interface between the
electrical domain and the optical domain. Amongst others, the complexity is due
to the fact that the electrical interface, the optical interface and the mechanical
interface, plus eventually a thermal interface have to be combined in one single
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package. Additionally, many interlocked factors come into play, which are par-
tially still unknown or undecided. They include for example the type of the data
link, the position of the optical layer (surface versus buried), or the location of the
E/O- and O/E-conversion with respect to the digital chip [4]:

e The closest possible location is obviously on-chip, e.g. by flip-chip attach-
ment of an OE-device on top of the digital chip [5, 6, 7]. Advantages include
very short electrical paths (low power consumption) and the possibility for
a 2D distribution of I/O ports over the whole chip area. Drawbacks in-
clude heat and lifetime issues, as well as material incompatibilities, e.g. a
mismatch in thermal expansion coefficients.

e The next closer option is to place the O/E-conversion next to the digital
chip, but still on the same package or multi-chip module (MCM), that will
need to be expanded for this purpose [8]. Advantages include still very
short electrical paths, dense electrical connections and a more manageable
thermal situation than for flip-chip attachment. Drawbacks include the
need for development of new packages/MCMs, and the fact that the re-
liability of the whole package is now determined by the reliability of the
optoelectronics, which has to be addressed with improved reliability & life-
time and/or with appropriate redundancy concepts.

e The next option is to place the optoelectronics in a separate package close to
the processor package. This is probably the most established method, and
it avoids the integration issues mentioned above. Drawbacks include the
need to electrically leave the processor package through PCB pads, which
results in a reduction of the overall data density that can be achieved, i.e.
giving away much of the density advantage that the use of optics could
provide. Several proposals have been made to embed the optoelectronics
into the PCB with integrated optical layers [9, 10, 11]. The motivation is to
hide the use of board-level optics from the user and solve all the alignment
questions during fabrication. Drawbacks include the fact that the previ-
ously passive and therefore very reliable PCB is now subject to reliability &
lifetime issues, heat management during operation (assuming the drivers
are embedded too) or electrical connection issues (assuming the drivers are
at the surface, separated from the optoelectronics), as well as testability is-
sues during assembly.

¢ Finally, the optoelectronics can be placed at the card edge, e.g. in an optical
connector [12], basically avoiding an optical channel on the card. Draw-
backs are similar to the situation with separate packages close to the digital
chip (data density), plus longer electrical connections and limited freedom
in the heat management, since the location of the packages is now fixed at
the card edge.
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(a) Optical domain (b) Electrical domain

Figure 5.1: The use of vertical emitters calls for an additional 90° bend in the signal path
(source: IBM [4])

Another, related question is the orientation of the opto-electronic chip with re-
spect to the optical layer. In case of vertically emitting opto-electronic devices,
the incoming electrical signal as well as the outgoing optical signal both run par-
allel to the card, a 90° bend in the signal path, either in the optical domain or
in the electrical domain need to be provided, see Figure 5.1 [4]. In the first case,
the opto-electronics and drivers are oriented parallel to the card, and the emitted
beam has to be reflected or guided by 90° before it can be coupled into the optical
channel. In the second case, the opto-electronics and—due to the required short
distance between them-probably also the driver chips are inserted perpendicu-
larly into the board, emitting more or less directly into the optical channel. In
this case, the 90° bend has to be made by a piece of flexible printed circuit that
connects the opto-electronic subassembly with the PCB.

Advantages of the 90°-in-electronics approach [4] include the fact that an architec-
ture with an electrical flex-circuit is already being used in commercial fiber-optic
transceiver modules, which allows to build upon that experience. Since the lasers
emit in the direction of the waveguides, there is no need for a mirror. As 850nm
VCSELs are usually topemitters (modified devices with bottom emission have
been reported, but they suffer from reduced reliability and lifetime), they cannot
be directly placed on the waveguide facets, i.e. through-substrate waveguides
or microlenses are still required. In [13], reported by IBM, the light is guided
through the Si module by integrated waveguides based on holes etched through
the silicon, which are then oxidized and filled with a polymer, a total optical loss
of 1 dB was measured, through the transceiver module. An extension to 2D arrays
is straightforward, at least as far as the optics is concerned. In practice, the degree
of 2D-scalability will be limited by the available opto-electronics (lower yield for
larger arrays), by the electrical routing to the driver and the connections between
driver and opto-electronics, as well as by the number of optical layers that can ac-
tually be stacked in a board with the required precision and board stability [14].
Drawbacks of the approach include the open access slot in the PCB, which makes
dust protection, cleaning and servicing more complex. In a pure butt-coupling
configuration without additional imaging optics, module insertion requires a 2-
step process (first into the slot and then onto the waveguide facet), which requires
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a more complex housing mechanics. Moreover, more careful waveguide facet
preparation is required in the absence of additional imaging optics. Without a
mechanical de-coupling (e.g. by a pair of lenses), the whole module (including
driver chips and heat sink) will physically interface to the waveguide facet, which
is a potential stability risk. Other reports on butt-coupled optoelectronic modules
include those from Fraunhofer IZM [15], and Siemens C-LAB [16], among others.

Advantages of the 90°-in-optics approach [4] include better compatibility with
standard packaging and assembly processes, the possibility for a clear separation
of the OE-package and the passive PCB, and the option to realize large pack-
ages with multiple densely packed opto-electronic components in close vicinity
of the rest of the electronics. Potential drawbacks depend on the nature of the
optics that performs the 90° bend. For a lens & mirror module, there is a distance
limitation, that is related to the ratio of waveguide core size to lens size, which
determines how far a collimated beam can propagate before it penetrates into
a neighbouring channel, causing loss and/or crosstalk. For a 50 um waveguide
and a 235 um lens, the distance between waveguide exit and detector surface is
roughly limited to 2.5mm, which is sufficient for waveguides on or close to the
surface [4]. The distance limitation can in particular become important when 2D
arrays are imaged over a single mirror, because this requires longer propagation
distances. For 4xN arrays, however, one can also map a sparse 2D array (250 pm
pitch) to a dense 1D array (62.5 um pitch), which allows to circumvent the issue,
but requires a more complex mirror array structure. Reports on collimated beam
coupling include results from Daimler Chrysler [17, 18], and NTT [19]. For very
short free-space distances, collimated beams are not necessary, as shown by In-
tel [8]. Alternatively, the 90° bend can be done using other optical elements, for
example optical pins which are essentially short pieces of waveguides with a 45°
mirror on one end, assembled vertically into the board, as reported by Fraun-
hofer IZM [20], and the Information and Communications University Korea [21],
or 2D waveguide cubes consisting of stacked waveguide plates, reported by NTT
[22]. While such approaches can eliminate the distance limitation, they clearly
suffer from a more complex (and therefore more costly) board-side optics. An-
other approach that has been proposed by the Tokyo University of Technology
is the so-called self-organized lightwave network [23], which enables selfaligned
optical couplings between misaligned optical devices by introducing write beams
from the devices into photorefractive materials placed between them, resulting in
self-written waveguides in the vertical direction.

We have been focussing on the 90°-in-optics approach, making use of embed-
ded 45° mirrors [24]. This coupling configuration is compatible both with O/E
coupling and with board-backplane-board links, discussed in Chapter 6. An ad-
ditional advantage of using embedded mirrors is the elimination of the align-
ment in Z direction, which allows more standard mounting in XY direction only.
Several technologies have been proposed for the fabrication of 45° reflector mi-
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cromirrors, such as dicing, tilted exposure, grey-scale lithography, reactive ion
etching (RIE), laser ablation, and laser direct writing. Fabrication of a standalone
mirror can be performed by many techniques, however, integration of micromir-
rors into a backplane with waveguides and optical connectors poses a number
of strict requirements on the mirror characteristics. The requirements include,
high reflectivity, precise mirror plane positioning control, symmetrical layout for
in- and outcoupling, ability to direct light up and down out of the propagation
plane, full integration with planar waveguides, and a robust and cost effective
manufacturing process [25].

5.2 Embedded 45° micromirrors

5.2.1 Technology overview
Dicing

The 45° mirror can be fabricated using a mechanical dicing saw with a 90° V-
shaped diamond blade. Commercial dicing saws, available in semiconductor
assembly fabs, can control the positioning of the cut within several ym in the
vertical and lateral directions. The dicing saws can be programmed to perform
the cuts at multiple locations without realignment. However, due to the physi-
cal size of the machining tool, it is difficult to cut individual waveguides on the
same substrate. NTT reported on the fabrication of 45° mirrors in polymer optical
waveguide films [26, 27, 19]. Fujitsu reported on the fabrication of wedge-diced
micromirrors [28, 25], that allows to embed the mirror in the optical layer. First,
the lower cladding is deposited, second, the wedge layers are deposited and the
wedge base is patterned, third, one side of the wedge base is tapered to 45° by
microdicing and a thin gold (Au) film is deposited on the tapered wedge side,
fourth, the waveguide core layer is deposited and the channel waveguide is pat-
tered, fifth, the top cladding is coated on top of the formed waveguide and mirror
structure. Two major contributions to the mirror reflection losses of 0.8 dB were
reported, the roughness of the diced 45° sloped wedge surface and the Au metal
film. The surface roughness is inherent to the process, and is difficult to eliminate.

Inclined exposure

Waveguides with mirror facets can be fabricated by tilting the incoming beam
from the UV source with respect to the patterning mask. The tapering angle of the
mirrors is controlled by changing the incoming beam angle. When the incoming
light is tilted 50°—-60° mirror angles are 36°—45°, as reported by VTT [29]. Surface
roughness below 100 nm was achieved, the mirror excess loss was 1.8-2.3dB. The
disadvantage of UV light when using a tilted exposure is that the reflections of
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the incoming radiation at the glass mask are increased with the tilting angle. For
this reason, X-rays, have been proposed instead [30], resulting in a mirror loss of
0.43dB. The limited degree of freedom inherent to inclined exposure, makes this
technology not attractive for the fabrication of optical PCBs containing mirrors in
several outcoupling directions.

Laser direct writing

Simultaneous fabrication of multimode polymer waveguide cores, and 45° poly-
mer structures have been reported by Heriot-Watt University based on a HeCd
(325nm) UV laser [31]. A combination of three beams (at normal and +45° an-
gles) are used, with equalized optical power in the three different channels, in
combination with an oil-immersion technique (sample positioned in an oil bath
containing silicon oil), to form internal angles greater than ~40°, impossible for
beams coming from air into a polymer with n=1.56. Features with vertical side-
walls are written with the normal incident beam while angled features are pro-
duced by the 45° beams. A flat-top intensity profile was achieved by placing
an aperture on the axis of the Gaussian beam and imaging it on to the polymer
surface. No coupling loss values were reported so far.

Reactive ion etching

Micromirror couplers formed by reactive ion etching (reported by the University
of Texas [32]) require the deposition of a protective mask during the RIE process.
Using photolithography and wet etching a window can be opened in the mask
at the end of each waveguide, where the mirror is to be etched. During the RIE
process, the sample is placed at an angle of 45° with respect to the electrode in
the chamber. The directional high-speed ions attack the polymer at a 45° angle
with respect to the substrate through the mask openings. The limited directional
freedom of the angled RIE process, is limiting the practical application of this
process. Obviously, the process can provide vertical endfacets as well [33], with
a sidewall surface roughness of ~30nm (measured on an area of 5x5 um?), and
a sidewall angle accuracy of +1°.

Moulding

The basic idea here is to realize the mirror structures already at the masterform-
level, and apply the waveguide layer fabrication, as described in Section 4.2. The
University of Dortmund [34, 35] reported on the fabrication of micromirrors inte-
grated into the masterform at SU-8-level by diamond micromilling the end faces
of the cured SU-8 ridges under an angle of 45°. Surface roughness of 70-80nm
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A

(a) Mirror based on total internal reflection (neg- (b) Metal coated mirror embedded in the PCB
ative facet) (positive facet)

Figure 5.2: Schematic view of two coupling concepts

has been reported. A slightly adapted approach was reported by the University
of Texas [9]. No mirror loss values have been published so far.

Laser ablation

The use of KrF excimer laser ablation for the definition of 45° micromirrors is
widely known by the Polyguide polymeric technology, developed by DuPont,
and currently available at Optical Crosslinks under the name GuideLink [36].
They have been used within several projects [37], and more recently Intel [8] re-
ported on their optical interconnect system integration for ultra-short-reach ap-
plications using GuideLink.

The use of laser ablation for the definition of coupling structures within this PhD
work will be described in the next paragraphs.

5.2.2 Fabrication

Two basic coupling structures are proposed in Figure 5.2. The first coupling struc-
ture is based on total internal reflection (TIR) at the interface between the polymer
material and the air gap (negative facet), in the second coupling structure the light
beam is reflected on a metal coated mirror (positive facet), embedded in the PCB.

The development of a technology for fabricating micromirrors was established
using Ormocer® materials, once the technology was available, the Truemode™
materials were investigated. An SEM picture of a micromirror based on total in-
ternal reflection is shown in Figure 5.3. The tapering of the edges is in agreement
with the tapering of the ablated waveguides. This tapering effect is shown to
be highly reproducible, therefore this effect can be compensated for in order to
achieve an angle of 45° at the negative facet, crucial for the TIR condition. An
overview of the ablation parameters: laser fluence 2.540.5]/cm?, pulse repe-
tition rate 200 Hz, number of pulses 290, tapering compensation 9°, fabrication
time of one mirror is about 1 sec. In Section 3.1.1 the generation of debris and the
presence of microstructures on the bottom of the ablated cavity were two main
obstacles to exploit KrF excimer laser ablation for the definition of waveguides
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Figure 5.3: SEM image of a cross-section of a TIR micromirror fabricated in Ormocer®)
using a KrF excimer laser

in Ormocer®. The difference here is the static ablation of a mirror, compared to
the dynamic ablation of a waveguide. When using static ablation, the debris be-
ing deposited on the mirror sidewall is removed contineously, and debris is only
deposited in the surroundings of the ablation area. Moreover, the requirements
for a micromirror are somewhat different: the sidewall quality is less important
compared to the sidewall quality of a waveguide, roughness < A/10 is often used
as a criterium here.

The condition for TIR of the light beam at the negative facet is very critical, and
light will not be reflected when the condition is not reached. The Vrije Univer-
siteit Brussel, FirW-TONA, calculated that the use of a metal reflection coating on
the micromirror significantly increases the coupling efficiency, be it for a slightly
different coupling configuration [38]. The largest gain (almost 20%) is obtained
in the case of waveguides with a large NA (0.3 for Truemode™), the smaller the
NA, the smaller the TIR loss at the mirror and thus the smaller the gain when
applying a coating on the micromirror. Additional loss might arise when an ad-
hesive penetrates into the optical via during a later mounting phase, humidity or
dust could also be a problem. For these reasons it is necessary to apply a metal
reflection coating.
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The reflection characteristics of a metal coating applied on an Ormocer® layer
are investigated for Au, Al, Ni, Cr, and Ti. The complex indices of refraction
n; are available for different wavelengths [39]. From the Fresnel equations, the
amplitude reflection coefficients for an electrical field respectively perpendicular
and parallel to the plane of incidence can be calculated. Eliminating ¢; using
Snells law of refraction results in the following equations:

Eo, cos(0;) — iy/sin?(8;) — n2
0/ 1 0;) + iy/sin?(0;) — n2

(Ew) n? cos(6;) — iy/sin(6;) — n2
7“// = . =
Eo (0;) + iy/sin?(8;) — n?

where Ey, is the amplitude of the incident field, Ey, the amplitude of the reflected
field, and n =n; /n;, with n; =n,,mocer. The reflectance coefficients are defined as:

Ir EO?" ?
R = —_— = = *
. (Ii>1_ (E0i>J_ T

Ir EO?" 2
e (3), (5
i), \Eoi/,

where * denotes the complex conjugate.

cos(

/! n?cos
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The reflectance coefficients as a function of wavelength are shown in Figure 5.4,
for an angle of incidence 6; =0, perpendicular to the surface. It is clear that Au
is the best choice as coating material. The reflectance coefficients R (Au) and
R/,(Au) as a function of the angle of incidence 0; are given in Figure 5.5, using
ny(Au)=0.188+5.391 at a wavelength of 826.6nm [39].

The overview of the process flow for the fabrication of a coated mirror embedded
in the optical layers is given in Table 5.1. Selective coating of only the positive
facet is possible using a lift-off process. A photoresist layer is applied prior to
ablation of the angled optical via, with a thickness of 1.8 um (Microposit S1818).
Evaporation of 50 nm Ti (improved adhesion) and 200 nm of Au is used as coating
process. Due to the directional selectivity of the evaporation process, the negative
facet is not coated. After development of the resist (AZ400K) a coated positive
facet can be used as deflecting mirror.

For a reliable functioning it was assumed that the presence of air bubbles in the
cavity would be detrimental due to the temperature dependence of the pressure
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Figure 5.4: Reflectance of different metals to be used for mirror coating
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Figure 5.5: Au reflectance as a function of angle of incidence ¢;

within the bubbles. Therefore, ways of filling up the cavity without the presence
of air bubbles were studied. At the same time, providing a flat surface above the
mirror is another important feature required for subsequent processes and has
to be regarded as well. It was found that filling the cavity without air bubbles
was only possible by enhancing the cladding deposition process with ultrasound
agitation. During the investigation it could be shown that even small air bubbles
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‘ Fabrication optical waveguiding structure ‘

!
‘ Application photoresist ‘

!

‘ Excimer laser ablation angled optical via ‘

!

‘ Titanium-gold evaporation ‘

!

‘ Development resist ‘

!
‘ Fill-up of cavity with cladding material ‘

!

‘ Ultrasound agitation ‘

!

‘ Spincoating ‘
!

‘ Curing ‘

Table 5.1: Process flow for the fabrication of metal coated mirrors embedded in the optical
layer (Ormocer®)

& A

Figure 5.6: Process flow for the fabrication of a metal coated mirror embedded in the
optical layer

will cause reliability problems. The final curing step of the additional cladding
material at 170°C will lead to a volume expansion of the air bubble, resulting in
a surface elevation (Figure 5.7). Ultrasound agitation is needed for at least 8 min
to avoid the presence of air bubbles at the bottom of the cavity. Afterwards, a
spincoating step is necessary to achieve a flat surface. Spincoating speed was
increased to 8000 rpm, resulting in an additional layer thickness of 2 um, hardly
influencing the initial uppercladding layer thickness. The final result is shown
in Figure 5.8. Mechanical stresses introduced during cleaving the sample (GaAs
substrate to ease making a cross-section) caused the crack in between the gold
mirror and the additional cladding material, this is not the case in real life situa-
tions.
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(a) No ultrasound agitation

(b) 1minute ultrasound agitation

(c) 5minutes ultrasound agitation

Figure 5.7: Result of ultrasound agitation and spincoating at 4000 rpm on filling up an
angled optical via with Ormocer® cladding
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Figure 5.8: SEM image of a cross-section of a metal coated micromirror fabricated in
Ormocer®)

The flatness of the upper cladding surface above the embedded mirror has been
investigated using a non-contact optical profiler. The result is shown in Figure
5.9. A height difference of 6 um on a distance of 200 ym (X direction) or 400 ym
(Y direction) can be observed, corresponding to a surface angle of 1.72°, and 0.85°,
which should be sufficient to provide a mounting surface for any opto-electronic
component.

Ablation of a positive facet has slightly different parameters compared to ablation
of a negative facet. Due to the tapering, the actual ablation angle is 34°, the num-
ber of pulses is 270. The variation of the 45° mirror surface is & 2°, which should
be sufficient, both for total internal reflection, and for a metal coated mirror, as is
measured in Section 5.2.3.

The technology sequence for the fabrication of metal coated micromirrors in
Truemode™ is somewhat different: due to the very smooth sidewall of the ab-
lated structures (R, =18 nm for a vertical sidewall, Figure 3.16) the adhesion of
Au or Ti is very poor, and during development of the photoresist, the coating
comes loose. Because of this, the use of an external mask was considered, being
a polyimide film with rectangular openings on the locations of the mirrors. This
film is attached to the optical PCB during the coating process (using high temper-
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Figure 5.9: WYKO plot to analyze surface flatness above an embedded metal coated mirror

ature resistant tape), which results in a coated area around the mirrors. Once the
mirrors have been coated, the polyimide mask film is removed, and the second
uppercladding layer is applied, which secures the adhesion of the TiAu coating.
Because of the low viscosity of Truemode™, additional ultrasound agitation is
not required. The final technology sequence is shown in Table 5.2. For the ab-
lation of mirrors in Truemode™, static or dynamic ablation give both excellent
results. Dynamic ablation if favoured in this case, as the surface roughness of the
imaging mask is averaged while moving the laser spot.

5.2.3 Characterization
Surface roughness
Using an optical interferometer system, the surface roughness of 45° micromir-

rors can only be measured for positive facets while tilting the sample under an
angle of 45°. This way, it is assumed that for mirrors based on total internal
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‘ Fabrication optical waveguiding structure (one uppercladding) ‘

!

‘ Excimer laser ablation angled optical via ‘

!

‘ Fabrication and attachment polyimide mask ‘

!

‘ TiAu evaporation ‘

!

‘ Removal polyimide mask ‘

!
‘ Application of second uppercladding ‘

!

Table 5.2: Process flow for the fabrication of metal coated mirrors embedded in the optical
layer (Truemode™)

reflection, the surface roughness of the negative facet is comparable to the sur-
face roughness of the positive facet. Static ablated mirrors defined in Ormocer®
(laser fluence 2.5+0.5]/cm?) result in a surface roughness of 81nm R, and
110nm RMS, as shown in Figure 5.10. The additional technology steps necessary
to apply the metal coating, are detrimental for the surface quality, as shown in
Table 5.3.

Surface Statistics:
Fa: 81.80nm

Rq: 11061 nm
Rz 75000 rm
RE: 89613 nm

Set-up Parameters:
Size: 120 X 103
Sampling: 409.61 nm

Pracessed Options:
Terms Removed
Cylinder & Tit
Filtermg,

Mone

Figure 5.10: Surface roughness of a micromirror fabricated in Ormocer® using KrF ex-
cimer laser ablation
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sample 1 sample 2 average st dev

R, RMS R, RMS R, RMS R, RMS
50 Hz
140 185.3 2374 1575 2012 1714 2193 196 256
160 187 2359 1403 1820 163.6 209.0 329 381
180 135.3 2374 1738 2276 1545 2325 272 69
200 1179 1526 1050 1409 111.5 1468 9.0 8.2
100Hz
140 1711 2139 1501 1878 160.6 200.8 148 184
160 194.0 2448 1372 1740 165.6 2094 402 50.0
180 126.1 163.5 1532 2035 139.6 1835 191 282
200 118.0 149.8 140.0 1719 129.0 1609 155 156
150Hz
140 1959 2475 1553 1973 175,66 2224 287 354
160 1514 185.6 1856 2363 1685 2109 241 358
180 159.2 202.8 111.8 1512 1355 177.0 335 364
200 1435 1759 1621 2054 152,8 1906 132 208
200Hz
160 1269 1699 1731 2250 150.0 1974 326 389
180 142.6 180.2 1427 180.7 1426 1805 0.1 0.3
average (nm) 1515 195.8 222 25.6

Table 5.3: Surface roughness optimization of 45° coated mirrors (Ormocer®))

The surface roughness of two samples are investigated while varying the pulse
frequency (50Hz, 100Hz, 150 Hz, and 200 Hz), and the number of pulses (140,
160, 180, and 200). Pulse energy is kept constant at 5m], corresponding to a laser
fluence of 2]/cm?. The R, and RMS surface roughness is given, measured on an
area of 50x50 qu, curvature and tilt removed, without data filtering. Generally,
the higher the number of laser pulses, the smoother the mirror. The influence
of the pulse frequency shows some conflicting measurements, depending on the
number of pulses. An overall R, average of 151 nm, with a standard deviation of
22nm, and an overall RMS average of 196 nm, with a standard deviation of 26 nm
was achieved.

Micromirrors defined in Truemode™ show an R, surface roughness of 42nm,
and an RMS roughness of 53nm, measured on an area of 174x52 ym?, cylinder
and tilt removed, no data filtering, for mirrors ablated with a laser pulse energy
of 6 m]J (laser fluence of 2.5]/cm?), and a pulse frequency of 200 Hz.
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Stylus angle measurement

KrF excimer laser ablation for the definition of 45° mirrors, requires compensa-
tion of the ablation angle to the tapering inherent to ablation, in order to have the
resulting mirror under an angle of 45°. Measuring the mirror angle is done by
different methods, optical microscopy, SEM, Tencor Alphastep-200, and Dektak 8
Stylus profiler, most accurate is the Dektak. This stylus profiler can only be used
for optimizing the angle of the positive facet, because the negative facet is hidden
under the surface. For Ormocer®), the tapering is measured to be 8-9°, resulting
in an actual ablation angle of 36-37° and 53-54°, for positive and negative facets
respectively. For Truemode™ it has been decided to focus on the coated mirrors
using the positive facet, actual ablation angle was 26°, which results in a taper-
ing of 19°. The reason for this high tapering was a decreased laser pulse energy
(corresponding to a higher tapering angle), at the time of optimizing the mirror
angle. The flexibility in changing the ablation angle, allows us to tune the angle
as a function of laser pulse energy. An example of a Dektak measurement of a
positive facet is shown in Figure 5.11, resulting in an angle of 45.52°.

Function valle Units
AH 723%.00 nm
VertcalDistance 7233600 nm
Herizarksl Distance 71 um

<[]
” v w

< »

Figure 5.11: Dektak stylus angle measurement of a 45° micromirror
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Coupling loss

The insertion loss of KrF excimer laser ablated waveguides in Truemode™ was
discussed in Section 4.4.3, resulting in a propagation loss of 0.11dB/cm and a
coupling loss of 1.90 dB for two interfaces, at a wavelength of 850 nm. Comparing
these loss values to the loss measured for vertical in- and outcoupling, results in
the excess mirror loss. The measurement sample with coated mirrors is shown
in Figure 5.12, the results are presented in Table 5.4. The results show that a lot
depends on the coupling condition. A 50 um fiber (NA of 0.2) at the incoupling,
and a 100 um fiber (NA of 0.29) at the outcoupling, results in an excess mirror
loss of 7.59 dB. Replacing the outcoupling fiber by the detector head, results in
an excess mirror loss of 3.17 dB. Replacing the multimode fiber at the incoupling
by a single mode fiber (NA of 0.13), further reduces the mirror loss to 2.2 dB.
Although the mirror loss seems quite high, it is in correspondance with state-of-
the-art, as described in the technology overview in Section 5.2.1 and as reported
by IBM [40] (average excess loss of 2.4 dB). The main contributions to the mirror
loss are investigated within the ongoing PhD work of Nina Hendrickx, Ghent
University [14]. In practical situations the coupling losses can be further reduced
by the introduction of microlenses, even when the optical layers are located on
top of the PCB. This will be discussed in Chapter 6.

%

\-'u_-rti‘il
outcolipling

Figure 5.12: Vertical coupling loss measurements performed on a 10x10 cm? optical PCB
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insertion loss 2x mirror 1x mirror

MM fiber to MM fiber 17.93 15.18 7.59
MM fiber to detector 9.09 6.34 3.17
SM fiber to detector 7.15 4.40 2.20

Table 5.4: Mirror coupling loss (dB)

The characterization of single mode coupling structures defined in Ormocer®
is based on the waveguide samples described in Section 4.5, delivered by the
Fraunhofer IOF Institute, in the framework of a bilateral project with Motorola.
A cleaved single mode fiber is positioned in front of a manually polished incou-
pling facet, the detector head is positioned above a metal coated mirror defined
at the end of the 3.3cm long waveguides. The excess mirror loss has an aver-
age of 2.29dB, with a standard deviation of 0.54dB, based on 4 measurements.
Optimum excess mirror loss is 1.55dB.

5.3 Laser ablated cavities for hybrid integration

5.3.1 Inserts with in-plane optical functionality

The fabrication of optical vias in a polymer layer integrated on a PCB, to allow
the introduction of an insert, is developed during a project with Motorola. The
complete description of the final demonstrator that has been built, is out of the
scope of this PhD dissertation. Important to know is that optical cavities had
to be defined, well aligned with respect to single mode waveguides, facing the
alignment limits of the ablation set-up. Part of the final board is shown in Figure
5.13, containing 10 laser ablated cavities, corresponding to 10 chips. The size of
one chip is 10x30 mm?.

Figure 5.13: Laser ablated cavities defined in Ormocer®)



126 Coupling structures

Figure 5.14: Microscope image of a KrF excimer laser ablated large area cavity

The insert is attached on a glass plate that is flip chip mounted onto the PCB
substrate, where the top of the uppercladding acts as a reference plane in height.
The laser ablation area is slightly larger than the size of the insert, 3x2.5mm?.
Reference marks both for aligning the laser beam, and aligning the insert, are
metallized. The marks have a length of 1 mm, the line width is 20 yum. The op-
tical via is rounded with a sag of 75 um. The total tickness of the optical layer
stack is 95 um, the remaining Ormocer®) layer in the ablated cavity is 20 +5 pm.
This buffer layer should protect the optical quality sidewall from contaminating
ablated FR4 particles. Also important, is the perpendicularity of the waveguide
endfacet, which results in an actual ablation angle of 8°. To ablate a larger area,
subsequent ablated acrs are required, using a square aperture with dimensions
260260 um?. The laser pulse energy is 10 mJ, pulse repetition rate 200 Hz, num-
ber of pulses 225, and the distance between two arcs 250 ym, 10 ym smaller than
the width of the laser spot, because of the tapering of the sidewalls. The different
arcs can be seen in Figure 5.14. Debris being generated during KrF excimer laser
ablation of Ormocer® is removed making use of a thin photoresist layer, which
is developed after ablation. This way, the top of the uppercladding surface can
act as a reference plane in height.
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5.3.2 Inserts with out-of-plane coupling optical functionality

The laser ablated cavity fabricated in the optical PCB can be used for the insertion
of a pluggable deflecting component, providing for out-of-plane coupling. This
approach is similar to the use of embedded 45° mirrors, as described in Section
5.2. One of the advantages is that additional functionalities can be included as
well, such as microlenses and mechanical alignment structures. This concept is
proposed in the European IST-project-Nemo, Network of Excellence on Micro-
Optics, within the workpackage on Micro-Optics for PCB and MCM-level inter-
connects [41].

The out-of-plane coupling component is fabricated with Deep Lithography with
Protons (DLP), an in-house technology of the Vrije Universiteit Brussel, FirW-
TONA. DLP is a prototyping technology that allows fast fabrication of micro-
mechanical and micro-optical elements [42, 43]. The DLP fabrication process con-
sists of the following steps:

o First a collimated 8.3 MeV proton beam is used to irradiate an optical grade
PMMA sample according to a predefined pattern by translating the PMMA
sample, changing the physical and chemical properties of the material in
the irradiated zones.

o As a next step, a selective etching solvent is applied for the development
of the irradiated regions. This allows for the fabrication of (2D arrays of)
micro-holes, optically flat micromirrors and microprisms, as well as align-
ment features and mechanical support structures.

e On the other hand, an organic monomer vapour can be used to expand
the volume of the bombarded zones through an in-diffusion process. This
enables the fabrication of spherical (or cylindrical) microlenses with well-
defined heights.

o These processes are shown in Figure 5.15. If necessary, both processes can
be applied to different regions of the same sample, yielding micro-optical
structures combined with monolithically integrated microlenses.

The fabrication of the out-of-plane coupling component is described in [38]. For
the irradiation, PMMA with a thickness of 500 m is being used, which allows the
protons to completely traverse the sample. The PMMA sample is continuously
translated perpendicularly to the beam in steps of 500nm using Burleigh inch-
worms with an accuracy of 50nm. PMMA is a negative resist, which means that
protons impinging on it will cause scissions in the long polymer chains and thus a
material degradation in the irradiated zones, and that during the etching process
the irradiated zones will be removed. This means that the entire contour of the
designed component has to be irradiated. A proton beam collimating aperture of
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Figure 5.15: Basic fabrication processes of deep lithography with protons (source: VUB,
FirW-TONA [42])

Figure 5.16: Microscope image of an out-of-plane coupling component fabricated with
DLP (source: VUB, FirW-TONA [38])

125 pm is being used, which causes some rounding in the corners of the compo-
nent, but this does not affect its optical functionality. The fabrication process has
been optimized as such that a minimal roughness of the fabricated optical sur-
faces is achieved. Of course, fabrication with DLP is only suited for prototyping
purposes, but the compatibility with standard mass-replication techniques, such
as injection moulding and hot embossing has been shown [44].

Figure 5.16 shows a microscope image of the fabricated out-of-plane coupling
component. The flat top exit facet is introduced for minimizing the free space
travel distance. For the characterization of the critical optical surfaces of the com-
ponent, being the entrance facet, the 45° mirror facet, and flat top exit facet, a
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Figure 5.17: Demonstrator board containing laser ablated cavities for the introduction of
out-of-plane coupling DLP inserts

non-contact optical surface profiler has been used. Since the entrance facet is
not accessible with the microscope objective, this surface was not measured, but
its surface roughness will be analogous to the two others. The surface analy-
sis reveals that the flat top part has an average local RMS surface roughness of
34.19 £4.90nm (for component 1) and 25.10+1.29nm (for component 2), mea-
sured over an area of 60x46 um?, averaged over 5 randomly chosen positions.
Applying the same measurement method to the 45° angled facet reveals an RMS
roughness of 29.24 +3.96 nm and 29.21 + 3.96 nm for component 1 and 2 respec-
tively. One can conclude that the developed surfaces have a very reproducible
optical quality.

The demonstrator board shown in Figure 5.17 consists of 50 x50 um? waveguides
defined in Truemode™, in which cavities have been defined to allow for the in-
sertion of the DLP out-of-plane coupling components. It allows for horizontal-
in-, vertical-outcoupling measurements (using one DLP out-of-plane coupler),
and vertical-in-, vertical-outcoupling measurements (using two DLP out-of-plane
couplers). A top view of the DLP insert mounted in the laser ablated cavity is
shown in Figure 5.18.

The parameters for the fabrication of the cavity: laser beam angle 6° (vertical wall
at the waveguide end-facet), laser fluence 2+0.5]/ cm?, laser spot dimensions
280%280 um?, ablation speed 82 um/s, laser pulse frequency 100 Hz.

Currently, the coupling loss measurements are ongoing. Previous measurements
indicated a coupling efficiency of 20.9% or -6.80 dB, which should be a measure of
the coupling efficiency of the DLP out-of-plane coupler itself. This value is, how-
ever, significantly lower than the coupling efficiency of the DLP component mea-
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multimode fiber

Figure 5.18: Out-of-plane coupler inserted in the laser ablated cavity (source: VUB, FirW-
TONA)

sured using fiber-to-fiber coupling (47.5%) and the simulated coupling efficiency
of 41.7%. This is mainly due to the insertion loss when light from a multimode
fiber is coupled into the Truemode™ waveguides, in reason of the lack of use of
index matching gel, the larger surface roughness of the polished input facets, and
the non-optimal cross-sectional dimensions of the waveguides that were being
used during those initial measurements.

5.4 Accessing embedded optical layers

In cooperation with different partners within the European-PIDEA-Project-
Orbita (Optical Routing Backplanes Intranet-working for Telecom/datacom Ap-
plications) the aim is to realize board-to-board optical interconnections based
on PCB embedded waveguides defined in glass sheets. The fabrication of the
70x70 um? optical waveguides is performed by PPC-Electronic. The optical lay-
ers are laminated between two 200 pm thick layers of fiber reinforced epoxy. The
window to access the optical layers through the base material will be fabricated
using laser ablation. Other options may include the use of milling, as described
in [20].

Both KrF excimer laser and CO, laser ablation are considered to ablate the access
window in the base material. The fibers embedded in the epoxy layer cannot be
ablated using our KrF excimer laser, even at higher laser pulse energies of 20 m]J
(8.3]/cm?), see Figure 5.19. The CO laser can be used instead, see Figure 5.20
where the base material is ablated down to the glass sheet.
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Figure 5.19: SEM image of KrF excimer laser ablated fiber reinforced epoxy, laminated on
top of a thin glass sheet

Figure 5.20: SEM image of CO- laser ablated fiber reinforced epoxy, laminated on top of a
thin glass sheet
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The glass sheet acts as an ablation stop, without damage. Laser parameters: en-
ergy level 1, minimum attenuation, focus lens L2, pulse frequency 100 Hz, ab-
lation speed 6 mm/s. The position and dimensions of the access window are
determined by an etched window in a copper foil on top of the base material.
This way, the low positioning accuracy of the CO; laser beam is not an issue.

In Section 3.3 it was proved experimentally that CO; laser ablation can be used
for patterning borosilicate glass. This will be explored for the fabrication of a
coupling facet in a next phase, and the work is subject to further investigation.

5.5 Conclusions

Different approaches for out-of-plane coupling structures have been discussed.
Special attention was given to the fabrication of metal coated micromirrors em-
bedded in the optical layer. The process being developed can be applied both
for Ormocer® and for Truemode™ materials. Surface roughness measure-
ments revealed that for Truemode™ the R, surface roughness of the mirrors
can be as low as 42nm, and the RMS roughness as low as 53 nm, measured on
an area of 174x52 um?. Coated mirrors in Ormocer® show an overall R, aver-
age of 151nm, and an overall RMS average of 196nm. The 45° angle has been
verified using a Dektak 8 stylus profiler, indicating an angle accuracy of +2°.
Coupling loss measurements were performed both using multimode and single
mode waveguides as testbed structures. An excess mirror loss of 2.2 dB has been
achieved, depending on the in- and outcoupling fiber being used.

The fabrication of optical vias allowing the introduction of an insert with in-plane
or out-of-plane coupling optical functionality was described. Finally, the use of
CO;, laser ablation to acces the optical layers through fiber reinforced epoxy was
discussed.
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Chapter 6

Board-to-board coupling
Interface

In this chapter the interface to allow coupling between waveguides located on different
PCBs will be discussed. Excimer laser ablation of an intermediate alignment plate con-
taining microlenses and mechanical alignment holes is described. A proof-of-principle
demonstrator is presented. A brief alignment tolerance study is included.

6.1 Introduction

To set up a complete optical interconnection system in addition to the inter-
connection between O/E module and optical waveguide, a purely optical in-
terconnection between board and backplane is needed. For this task different
approaches are considered:

e Free space optical interconnection with focusing elements. The Daimler
Chrysler optical backplane concept is based on this approach [1]. Large
core multimode polymer waveguides in combination with an expanded
free space beam coupling between board and backplane allows for a 1dB
loss lateral displacement tolerance of 500 ym, which makes the system use-
ful for plug-and-play mechanisms of the boards.

e Fiber ribbon optical interconnection. This concept has been evaluated
within the German-OptiCon-project [2]. The backplane architecture from
Fujitsu using pluggable optical jumpers consisting of glass or polymer fiber
ribbons with MT type connectors is another example [3]. No board-to-board
losses have been reported so far.
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Figure 6.1: Coupling approach based on passive and mechanical alignment of a standard
MT type connector

e Pluggable optical connector. The connector developed within the European-
IO-project [4] is further modified by FCI France within the European-
Orbita-project for this purpose. The German-NeGIT-project is based on an
MT like optical connector containing laser written vertical waveguiding
structures [5].

The coupling approach developed within this work is a modification of the sec-
ond option: the coupling interface towards a standard MT type fiber ribbon al-
lows for a passive alignment making use of an intermediate plastic plate contain-
ing holes for the insertion of the alignment pins of the MT ferrule, and containing
microlenses for an increased coupling efficiency (Figure 6.1). The microlenses
can also be structured directly into the optical layer. In addition to the waveg-
uides, and the micromirrors, the microlenses and the mechanical alignment holes
are fabricated using laser ablation, which allows us to fabricate the entire optical
interconnection using only one technology.

6.2 Microlenses

6.2.1 Technology overview

Most of the microlens fabrication methods yield microlens arrays that satisfy
many of the optical quality requirements [6]. They differ however in that some
fabrication methods are more suitable either for rapid prototyping or for mass-
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fabrication or for monolithic integration than others. Some methods are relatively
inexpensive and are based on existing technologies while others require dedi-
cated processing tools and /or new materials with special properties.

Lens arrays made of glass have been studied for a relatively long time compared
to those made in other materials and various fabrication techniques have been
proposed for this purpose: photothermal expansion [7], ion exchange [8], CO,
laser irradiation [9] and reactive ion etching [10]. More recently fabrication tech-
niques of micro-optical components in optical grade polymers have become a
research topic of interest. They include techniques like photoresist reflow [11],
laser beam shaping [12], deep lithography with protons [13], LIGA-processing
[14], photopolymerization [15], microjet printing [16], laser ablation [17] and di-
rect laser [18] or e-beam writing [19].

6.2.2 Excimer laser ablation

The in-house technology to fabricate microlenses using laser ablation has been
developed within the PhD work of Kris Naessens [20]. A short description of
the principle is included in this work. The process is based on circular concentric
movements of the translation stage. Depending on the relation between contour
and laser beam radius, a trench with a certain profile is realized. Keeping the laser
beam parameters (fluence, pulse frequency and circular beam aperture) constant,
leaves two variables for varying the trench profile: contour velocity and radius.
The contour speed is related to the depth while the radius will determine the lo-
cation and shape of the trench. By ablating several of these concentric trenches,
one is able to approximate an arbitrary, circular-symmetric lens shape. Since ab-
lation is essentially an erosive process, the resulting lens will consequently be
buried below the sample surface. Based on simulated annealing, an algorithm
calculates an optimal set of contour speeds and radii in order to approximate a
desired lens profile taking some boundary values into account, e.g. a maximum
value for the contour speed to prevent the translation stage from unstable oper-
ation and to ensure sufficient overlap between successive pulses. The maximum
number of contours is determined by the user but the algorithm decides how
many eventually will be used, during the calculation of a suitable set of contours.

Once an optimal set has been calculated, it is translated into control code for the
translation stage and laser. In this phase, a decision has to be made concerning
the sequence of the contours. The trenches can be written in random order, in
order of increasing and of decreasing radius. From a processing point of view,
it is not clear which approach is best. For instance writing the central part of the
lens first allows accurate profiling of this area since we start with a flat surface free
of debris and do not ablate steep edges in this region. However, as the ablation
progresses towards the outer region of the lens, a lot of debris is deposited on the
central part. On the other side, the inverse approach first ablates the deeper parts
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of the lens and gradually moves towards the central part. Although the central
part will be initially covered with debris, towards the end of the processing it will
become clear again due to ablation in that area. However, the present debris can
cause the surface shaping to be less accurate centrally, which in turn degrades the
optical functionality. In order to ensure that the contour velocity remains constant
during ablation, there is a small delay between triggering of the laser and stage
motion in order to allow the latter to ramp to the desired speed.

The optical finish of the lens surface is achieved by ablation of the entire lens area
with a large beam aperture. During this process the sample is contouring with
a small diameter (typically 20-30 #m). In this way a structure is ablated on top
of the lens with a central flat part at least equaling the lens area. Three distinct
effects are achieved in this way: debris is ejected from the lens surface, forced to
leave the lens area and deposited near the ablated zone. Secondly, as spatially
rapidly varying features ablate faster than smooth surfaces, the surface gradually
becomes smoother. It is believed that this smoothing during material removal is
due to the presence of a thermal component in the photoablation process. Thirdly,
as during the surface smoothing a layer of polymer is physically removed, it is
important that the large laser beam is as homogeneous as possible in order not to
deform the lens shape. Since the set-up lacks a beam homogenizer, the contour-
ing of the smoothing beam ensures that the laser fluence is spatially averaged
over the lens area. During this process, a layer of typically 15-20 um is removed.
Drilling the lens structure less deep does not eliminate the discrete pulse pattern
in the surface.

The described technique has been applied for the fabrication of spherical mi-
crolenses of 100 um diameter with a radius of curvature of 100 um. Microlenses
are written directly into the Ormocer® layer integrated on top of the PCB. Since
the bottom of an excimer laser defined cavity in Ormocer® suffers from mi-
crostructures (see Section 3.2), an alternative to the above mentioned smoothing
step is developed within this PhD work, using the thermal energy of the CO,
laser.

6.2.3 CO; laser polishing

Figure 6.2 illustrates the result of the CO, laser assisted smoothing procedure, re-
quiring only a very limited number of laser pulses, and avoiding the lens surface
from being buried into the surface. The microlens as shown in Figure 6.2a, is fab-
ricated with following parameters: pulse energy 420 mJ, energy transmission 8%,
demagnification of the imaging lens 5, repetition rate 20 Hz, aperture 250 ym. The
parameters for CO; laser smoothing: energy level 1, demagnification of the imag-
ing lens 2 (L3), maximum attenuation, repetition rate 50 Hz, aperture 2000 ym. As
can be seen, only 3 to 5 CO; laser pulses are required to remove the discrete pulse
pattern in the lens surface.
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(a) not polished (b) 1 COq laser pulse

(c) 2 COq laser pulses (d) 3 CO2 laser pulses

(e) 4 COq laser pulses (f) 5COq laser pulses

Figure 6.2: CO- laser polishing of KrF excimer laser ablated microlenses in Ormocer®)

The surface microstructures that do appear using CO; laser ablation of Ormocer®
can be eliminated using an annealing step, as was shown in Figure 3.14 on page
61. This annealing step has been applied to the CO; laser polished microlenses,



144 Board-to-board coupling interface

Figure 6.3: Ormocer® microlens fabricated by KrF excimer laser ablation, CO- laser pol-
ishing, and thermal annealing

with the intention to remove the surface microstructures. The result is shown
in Figure 6.3, after an annealing step of 2hours in a conventional oven at a
temperature of 170°C. The CO,, laser polishing step included 5 laser pulses.

The microlenses defined in the Ormocer®) layer on top of the PCB can be ablated
perfectly aligned with respect to the coupling structure. Locating the center of
this coupling structure (micromirror) is achieved actively, by sending light into
the waveguides, and locating the outcoupling light spots under the ablation set-
up. Because of the minimum diameter of the microlenses, it is clear that only
embedded metal coated mirrors can be considered as coupling structure to be
combined with microlenses, as is shown in Figure 6.4 for a mirror based on total
internal reflection.

In what follows, microlenses are ablated not in the optical layer, but in a separate
polycarbonate (PC) plate, together with additional mechanical alignment struc-
tures. This makes the coupling approach compatible with lens plates fabricated
using low cost mass-replication technologies.
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Figure 6.4: Microlens aligned with a TIR micromirror

6.2.4 Characterization

Within this work SEM is used for visual inspection of laser written microlenses.
A complete characterization of excimer laser ablated microlenses (PC substrate)
can be found in [20, 21]. Radius of curvature, lens height, diameter, and sur-
face roughness are derived from surface measurements using a white light in-
terference profilometer. The evaluation of the optical performance of the lenses
in terms of wavefront aberrations is measured using a Mach-Zehnder interfer-
ometer. The knowledge of these wavefront anomalies gives an indication of the
expected imaging qualities by comparing them to the Maréchal and Rayleigh cri-
terion. In addition, the Strehl ratio of the lens is estimated by calculating the
standard deviation of the aberrations. It is expected that the modifications that
have been made to the lens fabrication process (Ormocer® substrate, and CO,
laser polishing) will give comparable characterization results.
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Figure 6.5: Active writing of microlenses in a 250 um thick PC plate

6.3 MT compatible coupling

6.3.1 Fabrication

Within the project Coupling from Opto-Boards (bilateral project between UGent,
Intec Department and FCI ’s Hertogenbosch), a connector interface has been de-
veloped to allow coupling between waveguides located on different boards. The
interface is based on the MT connector technology, that has been proved to be
a very suitable technology for both 1D and 2D parallel optical interconnections.
The connector ferrule (fiber aligning part of the connector) contains 125 ym fibers
positioned in 250 um pitch fiber capillaries. The guiding pins (699 + 0.5 ym) on
either end of the fiber row help to align the connector ferrules during mating,
fitting in very precise alignment pin holes. The dimensional tolerances on the
aligning features are within 1 um. The pre-alignment of the ferrules is guaran-
teed by the surrounding connector housing (MPO or MTP). The mating between
the MPO connector and the MPO connector adapter interface is realized by a
simple push-pull mechanism (MTP: push-on connector).

The alignment of the MT ferrule with respect to the waveguides and micromirrors
on the PCB is realized making use of a PC plate containing an array of microlenses
well aligned to two 700 um holes that match the pins of the MT ferrule. Index
alignment is used for aligning the PCB and the PC plate. The alignment marks
on the PCB are defined in the same processing step as for ablation of the mirrors,
without removing the substrate from the ablation set-up, and using the same laser
spot. The same principle is used for the marks on the PC plate, well aligned to the
microlenses. Aligning the PC plate and the MT ferrule is achieved by two 700 xm
laser ablated holes in the PC plate, that guide the pins of the MT ferrule [22].
The array of microlenses is written actively with respect to the fibers of the MT
ferrule. The principle is demonstrated in Figure 6.5. An MT ferrule, coupled to a
fiber ribbon, is mounted vertically on the ablation stage, making use of a special
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X = ZE0pm

Figure 6.6: 1x8 microlens array defined in a PC plate

holder. The 250 um thick PC plate is mounted on top of the ferrule. The 700 ym
holes that match the pins of the ferrule were ablated using the excimer laser, prior
to mounting the plate on the MT ferrule. The tapering of the holes, due to excimer
laser ablation, will ease the insertion of the pins. When light is shined through
the fibers, the laser ablation set-up is used to detect the light at the end facet of the
fibers in the MT ferrule and through the PC plate that will serve as the substrate
for the microlenses. This way, the microlenses are fabricated perfectly aligned
with respect to the light spots, visually aligned under the microscope.

The microlenses are compatible with a 250 um pitch of the optical channels. An
array of maximum 1x6 lenses is written in one single step, using a 1x6 array of
apertures instead of one single aperture for shaping the laser beam. The homo-
geneity of the laser fluence within the entire array area is the limiting factor for
not extending to simultaneously writing 1x12 arrays of microlenses. Figure 6.6
shows the result for a 1x8 array, again the CO laser is used for polishing. Dur-
ing ablation of the microlenses, reference marks written on the PC plate allow the
alignment of the PCB and the PC plate.

The parameters for the ablation of two 700 um holes on a distance of 4600 ym in
a PC plate with a thickness of 500 um are: laser pulse energy 14 m], circular aper-
ture with a diameter of 800 um, pulse repetition rate 100 Hz, translation speed
20 um/s. For each hole, the laser beam describes three contours with a radius
of 340 ym. An SEM image is shown in Figure 6.7. A 3D Coordinate Measure-
ment Microscope (CCM) is used to measure the accuracy of the 700 um holes. In
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Figure 6.7: 700 um hole matching the pins of the MT ferrule

general a 3D CMM allows to measure the XYZ coordinates of individual points
in its entire machine coordinate system. With the help of vision software, this
simple basic task can be forged into a powerful tool for measuring the exact XYZ
coordinates of any feature on the surface of a sample: squares, circles, crosses,
lines, planes... The average hole diameter was 700.1 pm with a standard devi-
ation of 1 um, based on 10 measured holes, average distance between the holes
was 4599.2 ym with a standard deviation of 1.1 um.

A mechanical stable connection is achieved by attaching the pins into the board.
This is realized by mechanically drilling holes into the PCB. The alignment of
these holes is not critical, as these holes have a diameter of 900 um, the center
of the holes is marked by the laser beam, after ablating the micromirrors. The
alignment is achieved by the 700 ;zm holes in the PC plate, the mechanical stable
attachment of the pins is achieved by the 900 m holes in the PCB. The reason for
drilling the 900 ym holes mechanically, is the thickness of the PCB stack. Laser
drilling using the Nd-YAG laser in combination with the CO; laser is investi-
gated, but introduces too much thermal damage. The use of a thinner PCB stack
would allow laser drilling.

The PC plate and the optical PCB are aligned using the optical reference marks. In
general, alignment with marks becomes more difficult as the processed surfaces
of substrate and device including the precise marks face each other. Two main
alignment principles can be used for this purpose, commercially available as flip-
chip bonders:
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Figure 6.8: PC plate containing an array of 1x12 microlenses (250 um pitch) and two
700 pm holes that match the pins of the MT ferrule

o The first type of flip-chip bonder uses infrared light in transmission, such
light can be used to visualize metallic marks by light transmission trough
substrate and device (Si, GaAs and InP related applications). Parallelism of
substrate and device can be controlled with an autocollimator. Magnified
images of substrate and device marks are used for rotational and lateral
alignment. Before attachment, only a small movement is needed to close
the gap between device and mounting board.

e The second type of flip-chip bonder, using double magnifying optics in be-
tween the components to align them, needs large high-precision translation
stages. As both surfaces of device and board are made visible, no restric-
tions for substrate and device materials apply and standard optics and cam-
eras for visible light are used.

The available flip-chip bonder is one of the second type, with an accuracy of
+5 um. After rotational (1 degree) and lateral (2 degrees) alignment, the PC plate
is moved towards the PCB, and contact pressure can be controlled. The plate is
fixed to the PCB using a UV curable adhesive which is dispensed before align-
ment and cured right after both parts are brought into contact. The mirrors used
within the project Coupling from Opto-Boards were based on total internal re-
flection, as the process for embedding metal coated mirrors has been developed
later on. This means that special attention is required not to fill up the angled
via with UV curable glue. Different adhesives have been investigated for this
purpose: OP21, OP61 (Dymax), Vitralit 7106, and NOA83H (Norland). Using the
low viscosity adhesives OP21, and NOA83H it was difficult to prevent adhesive
from flowing into the angled optical via. Using the low shrinkage adhesive OP61,
optimum results are obtained. The PC plate mounted on the optical PCB can be
seen in Figure 6.8.
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Figure 6.9: Mechanical alignment of the MT ferrule with respect to the lens plate

Figure 6.10: PC plate of 500 um thickness surrounding the lens plate to reduce the stress
on the optical layers

Once the alignment plate is fixed, the guiding pins are inserted, and glued at the
back of the PCB, in the 900 m holes. The MT ferrule is mounted during fixation
of the pins, to ensure the perpendicularity of the pins with respect to the optical
plane. Figure 6.9 shows the alignment pins attached into the optical PCB, aligning
the MT ferrule.

The coupling concept must fulfill the demands for reproducible coupling con-
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Figure 6.11: Proof-of-principle demonstrator board providing for board-to-board coupling

ditions while connecting the MT ferrule of the fiber ribbon, and avoid bringing
physical stress into the optical layer. So it was decided to surround the 250 ym
thick PC plate by a 500 um thick PC plate, as a footprint of the MPO plug adap-
tor interface (Figure 6.10), reducing the stress in the optical layers. The large
holes for the screws of the MPO plug adaptor interface are mechanically drilled,
large enough to overcome alignment issues. In Figure 6.11, the final demonstra-
tor board is shown, with plug-and-play possibilities. The loss introduced by the
coupling interface has not been measured, but in what follows simulation results
indicate what might be expected.



152 Board-to-board coupling interface

Figure 6.12: Ray-tracing simulation of the coupling interface

6.3.2 Misalignment tolerances

To estimate the coupling loss and the misalignment tolerances of the coupling
structure, a ray-tracing simulation is carried out using the photonics design
software ZEMAX. The simulation is based on coupling between a 50x50 ym?
Ormocer® waveguide and a 50 yum diameter detector making use of a TIR mir-
ror (Figure 6.12). A microlens with a diameter of 100 #m and a radius of curvature
of 150 ym is defined in a 250 um thick PC plate. An indication of the tolerances
is given in Figure 6.13 for the worst-case scenario where both misalignments in
the X and Y direction are applied. The most critical alignment of the fiber array
to the PC plate is determined by the accuracy of the 700 um holes (£ 1-2 um),
and the accuracy of the active alignment of the laser beam prior to lens writing
(£5pum), as was shown in Figure 6.5. The alignment of the PC plate and the
PCB is determined by the accuracy of the reference marks (£ 5 ym), when defin-
ing the microlenses and micromirrors respectively, and by the accuracy of the
flip-chip mounting procedure (£5 pm). To estimate the loss introduced by the
entire coupling scheme, based on the alignment accuracy of the individual steps,
and based on the simulation results, it is assumed that the loss introduced by
one coupling interface is below 2 dB. This has not been proven experimentally, as
both the waveguide fabrication process, and the micromirror fabrication process,
was not yet optimized at the time of establishing the coupling interface.
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Figure 6.13: Simulated alignment tolerances of the coupling interface

6.4 Conclusions

KrF excimer laser ablation of microlenses has been described, both using PC and
Ormocer® substrates, and using CO; laser assisted polishing. Coupling be-
tween optical waveguides located on different PCBs was shown to be feasible.
The coupling approach was based on both passive and mechanical alignment
making use of a 250 ym thick PC plate. The alignment between the optical PCB
and the PC plate was achieved by index alignment, the alignment of the MT fer-
rule and the PC plate was achieved by the two 700 m holes that match the pins
of the MT ferrule. A misalignment tolerance study was performed estimating the
loss introduced by the coupling scheme.
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Chapter 7

Fiber cleaving

In this chapter a UV excimer laser based cleaving procedure for silica fiber is introduced,
enabling automated cleaving for high volume production of fiber optic assemblies. Exper-
imental results are discussed for single fiber, and for ribbon configurations. End angle
is evaluated using a non-contact optical interferometer system, and insertion loss after
splicing is given. The developed cleaving process is presented to enable termination of
optical fibers embedded in a PCB. Finally, COs laser polishing of fiber facets is shown to
be feasible.

7.1 Introduction

The work reported on laser cleaving of optical glass fibers has been developed
within the IWT-project-LIAM (high-performance low-cost interconnection com-
ponents for a new generation of access network products, manufactured using
new micro-optical fabrication technologies), enabling automated cleaving for
high volume production of fiber optic assemblies [1]. The laser cleaving proce-
dure is investigated for the termination of optical glass fibers embedded in a PCB,
within the European-project-Nemo, Network of Excellence on Micro-Optics, in
the workpackage on Micro-Optics for PCB and MCM-level interconnects [2].

7.2 Termination of optical fibers

7.2.1 Using mechanical cleavers

A mechanical fiber cleave is typically accomplished by first putting the fiber un-
der tension, and then using a mechanical blade that scores the fiber in order to
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initiate the crack propagation. The stress pattern present in the fiber determines
to a large extent the direction of this crack propagation and the surface morphol-
ogy of the obtained cleave facet. At present, this mechanical cleave procedure is
still intensively used in field situations but also in manufacturing environments,
in spite of the fact that it exhibits some serious drawbacks. Mechanical cleaving
parts are sensitive to wear over time and the operation of mechanical cleavers pri-
marily relies on precision moving parts, including a sharp cutting blade. Sharp
blades in particular are prone to physical damage like e.g. chipping and to mis-
alignment which requires re-adjustment over time. As a result, mechanical cleav-
ing procedures, in their current form, are hardly considered for automation. They
turn out to be processes where operator skills and experience are critical factors
for success of the final product. However, cleave quality is critical for ensuring
low reflectance terminations and enabling optimum performance fiber optic com-
ponents and systems. Poor cleaves can cause cracks and scratches at the end of
the fiber, which adversely affects the optical performance. Cracks and scratches
can sometimes be corrected by polishing, but polishing is time consuming and
generally increases the cost of the product. Furthermore, in the case of ferrule
configurations, cracks caused by a poor cleave can sometimes extend below the
surface of the ferrule.

7.2.2 Using CO; lasers

Initially, CO» laser cutting was explored to cut excess optical fiber that protruded
from a ferrule, prior to mechanical polishing. Soon it became apparent that laser
based methods, as an alternative to mechanical procedures, might have the po-
tential to provide unprecedented accuracy and versatility for terminating and
shaping fiber ends in a manufacturing environment. In contrast to mechanical
methods, cutting under an angle of 45° was shown to be feasible, opening up
possibilities for VCSEL coupling to fibers and waveguides [3]. In addition to cut-
ting, CO, laser stripping was found to be more attractive than mechanical and
chemical/thermo-chemical or acid strip procedures. The advantage of laser as-
sisted non-contact strip methods lies in the fact that precise ends or windows can
be stripped without altering the tensile strength properties of the stripped fibers.
Finally, low power density continuous wave CO, laser light exposure to optical
fiber ends was found to result in a decrease of the surface roughness by more
than one order of magnitude [4].

The mechanism is absorptive, with strong thermal heating, so when CO; lasers
are used in a cutting arrangement where the focused beam is translated across the
fiber in order to realize a progressive cut of the glass, unwanted thermal conduc-
tion and diffusion effects can come into play. Ultimately, this can lead to fiber end
flare, uncontrolled core diffusion and a curved fiber facet. Improved cut results
were reported when using an asymmetric beam profile of the 9.4-9.8 ym lines in-
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stead of the generally used 10.6 um line, paying attention that the heat affected
zone is fairly reduced [5].

7.2.3 Using UV lasers

Despite of the fact that silica glass is still fairly transparent for the UV excimer
wavelengths, when used in a short pulse regime, ablation phenomena preferen-
tially can take place [6]. This can be exploited to selective removal of the silica
material in order to induce a scratch or cleave. Due to the typical interaction of
UV excimer laser light with silica glass, thermal effects resulting in local melting
of the fiber do hardly occur as is the case with CO; lasers. A selective ablation of
the glass in the form of a small rectangular cavity can serve as a fracture initiator
when the fiber is put under stress. The position of the UV excimer laser induced
scratch can be more precisely than with a classic diamond tool.

7.3 Excimer laser ablation of glass fiber

In general for photon energies exceeding a materials bandgap, absorption be-
comes stronger as wavelengths become shorter. Thus nanosecond pulses from
ArF (at 193nm) and KrF (at 248 nm) excimer lasers are commonly used for micro-
machining a wide range of materials having bandgap energies < 6.4 eV. However
materials that have higher bandgap energies (e.g. silica) have remained notori-
ously difficult to micromachine with high resolution using ArF or KrF lasers. The
bandgap of SiO; is 9.1 eV, requiring a photon wavelength of 136 nm. However,
some very moderate absorption peaks can be detected between 4 and 7eV due
to contamination and defects or impurities, allowing ablation with nanosecond
excimer pulses, see also Section 3.3.

It is however observed that the circular geometry of the fiber acts as a lens for
the laser beam and focuses the incident light somewhere underneath the fiber.
As a result, the laser spot size is highly concentrated on the lower fiber surface
and the threshold ablation intensity of the fiber is reached, for a relatively low
fluence of the incident laser beam. This initiates the ablation of a small cavity
with rectangular shape. In order to study this phenomenon in more detail, it
has been simulated for a standard 125 ym glass fiber, assuming that the incident
laser rays are parallel, and that the laser fluence is homogeneous over the entire
beam area. The laser rays are traveling perpendicular to the fiber axis. An end
view of the fiber shows the refraction of the laser light (Figure 7.1). The size of
the ablated cavity at the bottom of the fiber is 19 um for 248 nm laser light. This
is proven experimentally, but the size of the cavity using a KrF laser was highly
dependent on the ablation parameters (fluence, number of laser pulses). In [7]
the intensity profile at the bottom of the glass fiber is calculated for KrF laser
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beam

25 um

Figure 7.1: Refraction of the laser light in the glass fiber due to the circular geometry of
the fiber that acts as a lens

light, it is found that the positions that receive the highest laser intensity are not
at the center but at the two ends of the narrow focused region. This has been
experimentally observed and will be discussed below.

7.4 Design of the fiber holder

Current art in mechanical cleaving is focused on the combination of two principal
ways of cleaving an optical fiber: the score-and-bend technique and the tension-
and-score technique. In the score-and-bend approach, a flaw is created in the
optical fiber using a sharp blade (diamond or tungsten carbide). The fiber is then
stressed in the area of this flaw, by bending, such that the tension created by the
bend serves to open up the crack, propagating across the fiber, so cleaving it. In
the tension-and-score approach the optical fiber is clamped at two points and ten-
sioned with a force of around 200 grams. The tensioned fiber is then nicked with
a sharp edge and resultant crack propagates automatically due to the already ap-
plied tension in the fiber. This method produces cleaved ends that are typically
flatter than the score-and-bend method, with less cracking in the region of the
blade strike. However, this method does not readily lend itself to cleave multiple
fibers at one time. For that reason the score-and-bend technique is chosen, with
the possibility to introduce pure tension (Figure 7.2), which might be necessary
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Figure 7.2: Schematic cross-section of the fiber holder, the fiber is stretched over an anvil
in order to generate stress that opens up the crack

to produce an angled cleaved facet.

The stress introduced by stretching the fiber over an anvil is tensile on the outside
bend of the fiber and zero on the inside bend of the fiber. This is not the same as
simply bending the fiber: pure bending would give compression on the inside
of the bend, with a neutral axis half way across the fiber. In stretching the fiber
over an anvil, compression on the inside of the bend is countered by the tension
generated by the lengthening of the fiber, required to stretch it over the anvil.
When the crack is initiated at the outside of the bend, the tension is high, so
the necessary initiation scratch is small, but as the cleave progresses, the tension
decreases, preventing the cleave from traveling too fast and produce hackle. The
crack will travel perpendicularly across the fiber because it always experiences
positive tension.

The fibers are clamped into a single fiber holder of Newport with V-grooves (Fig-
ure 7.3). This has the effect of providing secure clamping of the fiber and de-
creases the possibility that the fiber will rotate during clamping, which would
introduce torsion into the cleaved fiber. The fiber holder is slightly adapted to
cleave multiple fibers. Using laser ablation we fabricated an array of U-grooves
in PMMA to clamp the array of fibers. This is discussed below. Using an XYZ
translation stage, the anvil can be translated with very high accuracy. The height
of the anvil is varied in order to optimize the cleaved facet. All experiments are
done using non-dispersion shifted glass fiber (ITU-T G.652). The fiber coating is
removed prior to laser cleaving by a mechanical method and the fiber is cleaned
using isopropyl alcohol.
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Figure 7.3: Picture of the fiber holder which is placed on the translation table of the laser
ablation set-up

7.5 Experimental results

7.5.1 Single fiber

Despite of the fact that silica glass is still fairly transparent for the KrF excimer
laser wavelength, when used in a short pulse regime (3-7ns), ablation phenom-
ena preferentially can take place in order to induce a scratch or cleave. Best results
are obtained by applying only a single shot to cleave the fiber. For that reason the
laser fluence must be high enough to reach the ablation threshold at the bottom
of the fiber, 7] /cm? to allow single shot cleavages (corresponding to a pulse en-
ergy of 17m]). The mask that is used for shaping the laser beam must not be too
small: the projection lens with a demagnification of 10, projects the mask with a
width of 200 ym to a scratch of 20 yum. A smaller mask does not allow single shot
cleavages. In the direction perpendicular to the fiber axis, the laser beam covers
the full width of the fiber, but as discussed in a previous section, the circular ge-
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Laser fluence (J/cm?) 7405

Number of pulses 1
Laser spot size (um?)  20x125
Anvil travel (um) 200

Table 7.1: Parameters for a KrF excimer laser induced scratch

Figure 7.4: SEM image of an end facet of a laser cleaved glass fiber

ometry of the fiber acts as a lens for the laser beam in that direction. Using the
score-and-bend technique the anvil is stretched over the fiber after the ablation of
the score. A travel of 200 um of the anvil is sufficient to cleave the fiber. Typical
parameters are listed in Table 7.1.

As can be seen in Figure 7.4, the scratch at the bottom of the fiber is divided into
two parts. This is the effect that is described in the previous section: the highest
energy intensities are not located in the center, but at the two ends of the narrow
focused region. By using only one pulse, the ablation threshold is only reached
there, thus minimizing the size of the scratch. The quality of the fiber end facet,
as seen under the SEM, is comparable to that obtained with mechanical cleaved
fibers.

Another approach that has been investigated is the bend-and-score approach.
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The fiber is tensioned by stretching the anvil over the fiber and then nicked with
the laser. Resultant crack propagates automatically due to the already applied
tension in the fiber. The results obtained by using this method are worse com-
pared to the score-and-bend method. The reason could be that the laser pulse is
not yet finished in time when the crack already starts to propagate, resulting in a
lip that breaks off at the top of the fiber.

7.5.2 Fiber ribbon

The above described approach is not limited to single fibers: exactly the same
principle can be used to cleave arrays of fibers. The coating of the fiber ribbon is
removed by a thermo-mechanical method. Note that it is possible to strip fiber
ribbons using UV laser ablation [8, 9], but this was not used in this work. The fiber
holder is slightly adapted to cleave multiple fibers. Using laser ablation we fab-
ricated an array of U-grooves in PMMA to clamp the array of fibers. This PMMA
plate containing the U-grooves is mounted on the fiber holder set-up (Figure 7.3).

In Figure 7.5 an SEM image is shown of a laser cleaved fiber ribbon. The same
score-and-bend method as used for single fibers is used for fiber arrays. In a first
step the scratches are applied on the individual fibers, this can be done very fast
by the motorized ablation stage. In a second phase the anvil is stretched over the
array of fibers and the fibers are all cleaved at the same time. An important defect
that is introduced during fiber ribbon cleaving is lip/roll-off, not present during
single fiber cleaving, and most probably caused by stress present in the individual
fibers of the array. The mechanical set-up was modified in a number of ways such
as different clamping of the fibers, different coating of the fiber clamps, modifica-
tion of the anvil and the introduction of tensile stress to the fibers. None of these
modifications seemed to improve the results significantly, and thus eliminating
lip /roll-off.

7.6 Characterization

The end angle of the cleaved optical fiber is measured using a non-contact opti-
cal interferometer system (DORC). This measuring set-up is designed to measure
submicron variations in the surface contours of fiber optic connectors. In order
to measure fiber cleave facets, prior to measurement, the fibers are inserted into a
bare fiber adapter AQ-9302 from ANDO. This configuration can be inserted into
the connector mount of the non-contact interferometric system. The latter oper-
ates in the red light mode (A =660nm) exploiting phase shift interferometry to
map the surface of the cleaved facet. The cleave angle is calculated by finding the
best fit plane inside the region, where the interference fringes are apparent. The
shape and distribution of the fringes also provide valuable data on the topogra-



7.6 Characterization 167

Figure 7.5: SEM image of a 1x8 array of laser cleaved glass fibers

phy of the fiber end facet.

Figure 7.6 represents a statistical distribution of the surface profile of laser cleaved
facets. In order to be able to understand these figures, an overview of all possible
defects on the fiber end face facets is given, with the description whether the
defect is visible on the measured samples. Figure 7.7 [10] represents three specific
defects with the typical interference fringes. Note that these pictures indicate
severe defects, which did not show up in the measurements in such a way.

o Indent (Figure 7.7a): The intentionally introduced flaw in the fiber from
which the controlled fracture propagates. An effective indent must have
smooth, definable borders and a minimal depth. For that reason the scratch
is ablated using only one single laser pulse, reducing the size of the indent.
The defect is visible for laser cleaved fibers (Figure 7.6).

o Lip/Roll-off (Figure 7.7b): A sharp protrusion from the edge of the cleaved
fiber, excessive lip height is conducive to fiber damage. The opposite con-
dition of lipping, excessive roll-off can cause high insertion or splice losses.
This defect appeared using the bend-and-score approach, but is eliminated
using the score-and-bend method. For fiber ribbon cleaving the defect is
minimized, but not completely eliminated.
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(a) x-tilt=0.042°, y-tilt=0.789°, R, =178 nm, (b) x-tilt=0.486°, y-tilt=0.269°, R, =203 nm,
RMS=236nm RMS=271nm

(c) x-tilt=0.833°, y-tilt=0.071°, R, =344 nm, (d) x-tilt=1.257°, y-tilt=0.788°, R, =186 nm,
RMS =468 nm RMS =261 nm

Figure 7.6: Statistical distribution of the surface profile of laser cleaved fibers

e Hackle/Mist (Figure 7.7c): Forms of surface irregularities occurring during
the fracture. Hackle is severe surface aberration, very detrimental to light
transmission, while mist is a less severe manifestation. Defect not visible in
a severe way.

e Spiral/Step: An abrupt change in the topology of the fiber end face surface.
The impact on connectors and mechanical splices is application dependent.
Defect did not show up.
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(a) Indent (b) Roll-off (c) Hackle

Figure 7.7: Typical interference fringes of some defects (source: Arden Photonics [10])

Average Standard deviation

Mechanical cleave Fitel 0.69 0.40
Mechanical cleave Sumitomo 1.01 0.61
Laser cleave 1.06 047

Table 7.2: Angle deviation for perpendicular cleaved fibers

o Shattered: The result of an uncontrolled fracture or breakage does not have
a definable cleave or surface characteristics. The reproducibility of the laser
cleaving is very good; the fracture is always controlled, so this defect did
not show up.

e Concave/Convex: Characterized by curving interferometric patterns, indi-
cating gradual changes in the surface height. Minor curvatures have little
impact on most applications. Defect not visible using the laser cleaving ap-
proach.

The end angle of the cleaved optical fiber can be derived from the number of
fringes, and is compared in Table 7.2 for laser cleaved and mechanical cleaved
fibers, all for perpendicular cleavages. Average and standard deviation are based
on 8 measured samples. The laser cleaved fibers had an average angle deviation
of 1.06° and a standard deviation of 0.47°. This can be compared to an average of
1.01° or 0.69° (depending on the manufacturer of the mechanical cleaver) and a
standard deviation of 0.61° or 0.40° for mechanical cleaved fibers. In general, an
end angle less than two degrees yield acceptable fusion splices. Measurements
have proven that insertion loss is in the range of 0.03 dB, which is compatible
with mechanical cleaved fibers.

The modification of the mechanical set-up for angled cleaving of fibers was stud-
ied. A number of tests were carried out to obtain such angled facets by varying
the distance between the anvil and the point were the scratch was introduced.
The cleaved facets were measured with the DORC set-up in order to obtain more
information on the distribution of the angles. These measurements showed all
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fibers having angled surfaces but most of the angles were less than 3-4°, instead
of 8°. The fibers also showed important defects such as lip /roll-off. Further mod-
ification of the set-up such as the introduction of tensile stress to the fiber was
studied but it is clear that a more refined mechanical set-up will be needed to
obtain better and reproducible results.

7.7 Termination of PCB embedded optical fibers

As an alternative to planar waveguides integrated on an electrical PCB, standard
multimode glass fibers can be embedded into the layer stack of a multilayer PCB,
an approach proposed by FZK [11]. The fibers are embedded between top and
bottom layers of the stack, openings are milled to get access to the end facets of
the optical fibers. Along the path of the fiber copper pads are placed on the top
and bottom layers to guide the fiber and ensure the proper distance between the
layers during the lamination process. Electrical tracks, vias, throughplatings, and
solder stop can be fabricated subsequently. Fiber cleaving is done at the very end,
to be sure not to damage the cleaved facets. Figure 7.8 shows a prototype board
fabricated by FZK, the openings are quite large (4 x5mm?) to allow the use of the
developed cleaving procedure. The coupling element being developed by FZK,
allows for a passive alignment. The alignment structure consists of a V-groove
for the fiber alignment, and an additional security clip, which holds the fiber in
place. The part is fabricated with deep X-ray lithography [12], and allows for
high volume production using inexpensive injection molding or hot embossing.

7.8 CO; laser polishing and splicing of fibers

Mechanically cleaved fibers are investigated for CO; laser polishing. Therefore
the fibers are attached on the edge of the translation table of the laser set-up and
positioned in the path of the CO, laser beam. Laser polishing was carried out
while varying imaging lens (L1, L2, L3), attenuation (scale 90, 60, 30) and num-
ber of pulses. After visually inspecting the fiber facets using a stereo-zoom mi-
croscope, the fiber ends that were noticeably damaged were rejected (the ones
using the higher demagnification lenses L1, and L2), the others (using L3) were
prepared for evaluation by DORC measurement, see Figure 7.9 for an example.
These measurements proved the CO; laser to have a smoothing effect on the sur-
face of the fiber facet compared to non-polished fiber facets, reducing the average
surface roughness R, from 50 nm to 27 nm within a range of 60 ym from the cen-
ter of the fiber. An overview of the tests using L3 is given in Table 7.3, for varying
attenuation and number of laser pulses. An overall optimum parameter com-
bination was not found. Reason for this might be the pulse-to-pulse CO; laser
energy variations.
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Figure 7.8: Optical glass fibers embedded in a PCB (source: FZK [11])

sample 1 sample 2
attenuation pulses R,(nm) RMS(nm) R,(nm) RMS (nm)
90 4 24 31 33 44
90 5 29 37 18 23
90 6 10 13 51 68
60 3 46 60 48 59
60 4 23 29 16 21
60 5 12 15 23 30
30 1 22 28 14 19
30 2 28 34 31 39
30 3 54 71 10 13

Table 7.3: Surface roughness of CO; laser polished fiber facets

For the feasibility testing of laser assisted splicing of fibers, two mechanically
cleaved fiber ends were clamped using the same set-up as for laser cleaving. The
two fiber ends were brought into contact and positioned under the CO; laser
beam. When subject to low energy no fusion of the fiber ends was noticed. When
increasing the laser beam energy fusion did occur but at the same time the higher
energy, apparently ablating the fiber, caused noticeable damage to the fiber side
facing the laser beam. It was not possible to control the energy level in such a way
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Figure 7.9: Surface profile of a CO; laser polished fiber endfacet

that there was sulfficient energy to induce fusion splicing without having ablation
and thus causing damage to the fiber.

7.9 Conclusions

In this chapter, a UV excimer laser based cleaving procedure for silica fiber has
been developed that enables automated cleaving for high volume production of
fiber optic assemblies. Due to the typical interaction of UV excimer laser light
with silica glass, thermal effects resulting in local melting of the fiber do hardly
occur, as is the case with CO; lasers. A selective ablation of the glass in the form of
a small rectangular cavity can serve as a fracture initiator when the fiber is placed
under stress. The position of the laser induced scratch can be more precise than
with a classic diamond tool used in mechanical cleavers. The system is operator
independent and provides consistent high-quality cleaves on single fiber, further
investigation is required to minimize lip /roll-off for ribbon configurations. The
end angle of the cleaved optical fiber is measured using a non-contact optical
interferometer system and had an average of 1.06° and a standard deviation of
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0.47¢ for perpendicular cleavages. Insertion loss after splicing is in the range
of 0.03 dB, which is compatible with mechanical cleaved fibers. The developed
cleaving process is presented to enable termination of optical fibers embedded in
a PCB, for which currently no cleaving process exists. Finally, CO; laser polishing
of fiber facets is shown to be feasible, reducing the average surface roughness R,
from 50 nm to 27 nm within a range of 60 m from the center of the fiber.
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Chapter 8

Conclusions and outlook

8.1 Main achievements

The main objective of this PhD work was the development of a flexible technol-
ogy for the fabrication of low cost board-level optical interconnections, based on
the use of optical waveguides.

The use of KrF excimer laser-, frequency tripled Nd-YAG laser-, and CO; laser ab-
lation was investigated for structuring optical waveguiding layers integrated on
a printed circuit board. Both polysiloxanes (Ormocer®), acrylates (Truemode™),
and thin glass sheets were selected because of their low optical losses, environ-
mental stability, and compatibility with standard electrical board manufacturing.

Arrays of 50x50 yum? multimode waveguides on a pitch of 125 um were inte-
grated on 10x10cm? PCBs. KrF excimer laser ablation parameters were opti-
mized towards minimum surface roughness, and minimum propagation loss.
Making use of Truemode™ materials, waveguide sidewall roughnesses < 20 nm
were attained, and propagation losses < 0.11dB/cm at 850nm were achieved.
Photolithographic defined waveguides were realized making use of Ormocer®
materials. Propagation loss < 0.08dB/cm at 850nm, and < 0.22dB/cm at 980 nm
was obtained. Proof-of-principle was shown for the integration of single mode
waveguides on FR4 based PCBs, propagation loss < 0.62 dB/cm was measured at
1.3 um. It was proved that frequency tripled Nd-YAG lasers offer a lot of potential
for structuring single mode waveguides with smooth surfaces.

A process for embedding metal coated 45° micromirrors in the optical layer
was developed. Mirrors are selectively metallized using a lift-off process. It
was shown that filling up the angled via without the presence of air bubbles
and providing a flat surface above the mirror is only possible by enhancing the
Ormocer® cladding deposition process with ultrasound agitation. Mirror sur-
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face roughness <42nm, and angle accuracy < 2° was attained. An excess mirror
loss of < 2.2dB was achieved, depending on the coupling fibers being used.

It was shown that CO, laser ablation can be used to access optical waveguiding
layers embedded in the FR4. The fabrication of optical vias that allow the intro-
duction of an insert with in-plane or out-of-plane coupling optical functionality,
was successfully demonstrated.

A novel board-to-board coupling interface was established, making use of a
250 um thick lens plate, and based on both passive and mechanical alignment.
Both optical alignment marks, and mechanical alignment holes were defined
by KrF excimer laser ablation. An existing process for writing microlenses was
adapted to Ormocer® materials, smoothing of the lenses was achieved by using
CO;, laser assisted polishing. A misalignment tolerance study estimating the loss
of the coupling configuration, proved the validity of the approach.

An excimer laser based cleaving procedure for glass fiber was developed, en-
abling automated cleaving for high volume production of fiber optic assemblies.
An end angle average of 1.06° and a standard deviation of 0.47° was achieved for
perpendicular cleavages. Insertion loss after splicing was in the range of 0.03 dB,
compatible with mechanical cleaved fibers. The developed cleaving process was
presented to enable termination of optical fibers embedded in a PCB, for which
currently no cleaving process exists. Finally, CO; laser polishing of fiber facets
was shown to be feasible, with a reduction of the average surface roughness from
50nm to 27 nm.

8.2 Future work

The work described in this PhD thesis can be considered as generic and widely
applicable. Most of the developed technology steps can be transferred to other
interesting optical materials that would become available in the near future.

Extention of the work to 2.5D optical waveguiding structures would drastically
increase the interconnection density and routing possibilities, fully exploiting the
2D character of opto-electronic components. Transition to single mode waveg-
uides is very challenging. The very tight alignment tolerances will make the cou-
pling approach more complicated, a first impulse is given within this work. Both
multilayer structures, and single mode interconnecions are investigated within
the ongoing PhD work of Nina Hendrickx, Ghent University.

The use of flexible instead of rigid substrates offers a lot of new applications,
e.g. optical sensing based on waveguide type distributed sensors. Embedding
thin optoelectronic chips in the optical layer for the realization of ultra-compact
packages, can find a basis in this work. Flexible substrates combined with em-
bedded optoelectronic chips are investigated within the ongoing PhD work of
Erwin Bosman, Ghent University.



