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Alla människor är till för att öva p̊a,
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Abstract

ORMOCER R©s are organic-inorganic hybrid polymers. Since their material proper-
ties can be tailored precisely during synthesis, they are suitable for a wide range of
applications in dielectric and optical microelectronics. This thesis reports on process
development of ORMOCER R©s for Sequentially Build-Up (SBU) test vehicles, suit-
able for both electrical and optical interconnect. Furthermore, this work includes
materials characterization, such as refractive index studies (system B59:V32), opti-
cal loss measurements (systems B59:V32 and B59:B66), and surface characterization
through contact angle measurement and surface energy estimation (systems B59:V32
and B59:B66).

Process development for a high-frequency test vehicle was performed applying a
newly developed dielectric material of the ORMOCER R© class. Dielectric layers in a
total thickness of 80 μm were build-up on a common FR4 substrate, applying pho-
tolithographic processes and moderate process temperatures of below 433 K. The loss
tangent and the permittivity of the material were measured to be 0.024 (loss tan-
gent) and 3.05 (permittivity) over the entire frequency range 10 GHz to 40 GHz. The
compatibility of the material to standard processes of the PCB industry was proven.
Furthermore, a possibility for cost reduction in high-frequency MCM applications was
shown, through the possibility of using low-cost substrates.

The concept of a “flexible manufacture approach” for large-area panel optical back-
plane interconnects was introduced. Here, a 101.6 mm x 101.6 mm photolithographic
mask is to be stepped-out over a large-area panel substrate (up to 609.6 mm x
609.6 mm). The goal is to be able to create a large amount of continuous and unique
waveguide patterns over the whole area with a small portfolio of masks, thus being
able to minimize excess costs. In practice continuous waveguide patterns were created
over an area of 204.8 mm x 204.8 mm on a large-are panel (609.6 mm x 609.6 mm),
using a large-are mask aligner and a 101.6 mm x 101.6 mm waveguide mask. The op-
tical loss of the waveguides was measured to be 0.6 dB/cm (B59:V32 material system,
λ =850 nm).

In connection to the large-area panel project a re-evaluation on the optical power
budget needed for high bit rate optical interconnects was performed. This work
was mainly based on literature surveys of optical waveguide materials, planar optical
amplifiers, light coupling structures, and planar light-routing structures. It was shown
that optical amplification is necessary at certain places on realistically routed optical
backplanes to boost the optical signal. Therefore, the concept of a flip-chip mount-
able optical amplifier (FOWA) device, based on planar optical waveguide amplifiers
and Semiconductor Optical Amplifiers, was developed. The device’s design allows an
independent manufacturing to the rest of the board and a mounting at key-positions
using standard pick and place technology. Additionally, it was observed that most of
the amplifier research is focused on the wavelength of 1310 nm and 1550 nm, whereas
optical backplane applications are targeting the 830 nm range.



During SBU processing of waveguide structures was discovered a de-wetting phe-
nomenon of B59 resin on a cured B59:B66 and B59:V32 surface, respectively. Good
wetting behavior could be achieved by adding small amounts of B66 or V32, respec-
tively, to the B59. Surface tension estimations on various compositions of the systems
B59:B66 and B59:V32 could not directly be correlated to the de-wetting phenomenon.
Furthermore, the optical loss properties of B59 were only affected to a minor degree
by adding B66 or V32.
The process route proposed is an efficient alternative to processes including sur-
face activations steps, thus opening possibilities for large-area processing in PCB
industry, where surface activation steps, such as plasma activation or silanization, are
not available.

The process development, materials characterization, and reviews presented
provide a basis for further research on processes for high-performance electro/optical
backplane interconnects with focus on Large-Area Panel processing.

Keywords — ORMOCER R©, sequential build-up, permittivity, dielectric loss, opti-
cal loss, process development, large-area panel processing, optical backplane, polymer
waveguide, optical waveguide amplifier
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Nomenclature

αcr critical angle of incidence for TIR

βcr angle, connected to αcr

γ surface tension in (1 mN/m)

γd surface tension in (1 mN/m), dispersive part

γp surface tension in (1 mN/m), polar part

γl surface tension of a liquid in air in (1 mN/m)

γd
l surface tension of a liquid in air in (1 mN/m), dispersive part

γp
l surface tension of a liquid in air in (1 mN/m), polar part

γsl surface tension on boundary solid-liquid in (1 mN/m)

γsv surface tension of a liquid in air in (1 mN/m)

γd
sv surface tension of a liquid in air in (1 mN/m), dispersive part

γp
sv surface tension of a liquid in air in (1 mN/m), polar part

λ Wavelength in (1 nm)

θ contact angle

ξ angle of acceptance for an optical fiber, connected to αcr

A area in (1 m2)

BER bit-error rate

BR bit rate in (1/s)

BW bandwidth in (1 Hz)

d diameter in (1 m3)

n refractive index

NA numerical apparture (no unit)
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Nomenclature

T absolute temperature in (1 K)

Tg glass transition temperature in (1 K)

Tp process temperature in (1 K)

V volume in (1 m3)

w width in (1 m)

BER Bit-Error Rate

CVD Chemical Vapor Deposition

DMUX De-Multiplexer

e/o electro/optical

EMI electromagnetic interference

FhG-IOF Institut für Angewandte Optik und Feinmechanik

FOWA Flip-chip mountable Optical Waveguide Amplifier

FPGA Field-Programmable Gate Array

FSOI free-space optical interconnect

Gbps Giga bits per second, bit-/datarate

i/o input/output

IC Integrated Circuit

LAP Large-Area Panel

Mbps Mega bits per second

MCM Multi Chip Module

MCM-D MCM based on deposited thin-fil layers, SBU-technology

MCM-L MCM based on organic laminate technology, derived from PWB technology

MEMS micro-electro-mechanical system

MOB Metal Optical Bench

MQW Multi Quantum Well

MT mechanically transferable, connector for optical fiber ribbons
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Nomenclature

OE-MCM Opto-Electrical Multi Chip Module, converter unit for photons to electrons
and vice versa

PCB Printed Circuit Board

PD Photodiode

PIN Photo Intrinsic diodes

POF Polymer Optical Fiber

PWB Printed Wiring Board

RIE Reactive Ion Etch

SBU Sequentially Build-Up

SOA Semiconductor Optical Amplifier

SOC System On a Chip

SOP System On a Package

Tbps Tera bits per second, see Gbps

TIR Total Internal Reflection

VCSEL Vertical Cavity Surface Emitting Laser
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Contents

Acknowledgements I

List of papers III

Nomenclature V

1 Introduction 1
1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 ORMOCER R©s for optical and RF interconnects . . . . . . . . . . . . 3
1.3 Scope of thesis — Scientific contribution to the field . . . . . . . . . . 5

2 Optical Backplanes 7
2.1 The limitations of electrical & optical interconnects . . . . . . . . . . . 7
2.2 The PCB industry and the optical backplane market . . . . . . . . . . 10
2.3 Motivation — A closer look on bottleneck applications . . . . . . . . . 11
2.4 Optical interconnects on wafer-level scale and on board-level . . . . . . 13
2.5 Approaches for optical backplanes — An overview . . . . . . . . . . . 14
2.6 Optical Backplane — Summary . . . . . . . . . . . . . . . . . . . . . . 23

3 Functional Structures 25
3.1 General . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.2 Signal in- and out-coupling elements . . . . . . . . . . . . . . . . . . . 26
3.3 Other approaches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.4 Functional Structures — Summary . . . . . . . . . . . . . . . . . . . . 39

4 Materials for Optical Interconnects 41
4.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.2 Materials processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

4.2.1 Guidelines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
4.2.2 Deposition methods . . . . . . . . . . . . . . . . . . . . . . . . 57
4.2.3 Patterning techniques . . . . . . . . . . . . . . . . . . . . . . . 60

5 Characterization 67
5.1 Optical characterization . . . . . . . . . . . . . . . . . . . . . . . . . . 67

5.1.1 Transmission . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
5.1.2 Refractive index measurements . . . . . . . . . . . . . . . . . . 69

XI



Contents

5.1.3 Bit Error Rate (BER) Test . . . . . . . . . . . . . . . . . . . . 72
5.2 Surface tension . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

5.2.1 Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
5.2.2 Equipment & procedure . . . . . . . . . . . . . . . . . . . . . . 76
5.2.3 De-Wetting of ORMOCER R©s . . . . . . . . . . . . . . . . . . . 78

6 Large-Area Panel Processing 87
6.1 Philosophy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
6.2 The Large-Area Panel (LAP) optical backplane demonstrator . . . . . 91
6.3 Large-Area Panel processing — Summary . . . . . . . . . . . . . . . . 96

7 Amplification Devices for Optical Interconnects on Optical Backplanes 97
7.1 Problem Statement — Origin of optical loss on optical links . . . . . . 97
7.2 Amplification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

7.2.1 Waveguide amplifiers . . . . . . . . . . . . . . . . . . . . . . . 104
7.2.2 Semiconductor Optical Amplifiers (SOA) . . . . . . . . . . . . 108

7.3 The Flip Chip mountable Optical Waveguide Amplifier (FOWA) ap-
proach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
7.3.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
7.3.2 Coupling of light from the pump-light source . . . . . . . . . . 111
7.3.3 Mounting of the SOA . . . . . . . . . . . . . . . . . . . . . . . 112
7.3.4 The optical periscope and the low loss coupling . . . . . . . . . 113
7.3.5 Mounting of the FOWA . . . . . . . . . . . . . . . . . . . . . . 113
7.3.6 Process issues . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

7.4 FOWA — Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

8 Dielectrics for RF Interconnects 117
8.1 The SBU microwave demonstrator (DONDO EMW) . . . . . . . . . . 117
8.2 Results & summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

9 Concluding Summary and Outlook 119

10 Bibliography 123

The Papers 147
Paper I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
Paper II . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
Paper III . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195
Paper IV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 237

XII



1 Introduction

1.1 Background

Ulrich and Schaper [1] in 2003 made a statement, which fits well as an introduction
line here: “Open any . . . consumer electronic systems and what will you see? . . . A
circuit board, maybe two, on which are mounted a few integrated circuits and dozens
of tiny discrete devices — capacitors, resistors, and maybe a few inductors.”
The focus of this thesis is on these circuit boards, often plastic like boards, which
come in a green, a brown, or a blue colour. These will be found not only in today’s
consumer electronic products, such as computers, Personal Digital Assistants (PDAs),
mobile phones, audio and video equipment, but also in internet routers and high-
end computers. The focus of this work is not on the development of boards with
a specific function nor is it on the optimization of electrical communication paths
between components, by running simulations. Rather, it is focused on the process
and materials side of tomorrows high-end Printed Circuit Boards (PCB).
Depending on the size, and the place where they are applied, PCBs are classified
according this hierarchy:

• Backplanes

• Motherboards

• Printed Wiring/Circuit Boards (PWB/PCB).

In electronics industry these terms are used in connection to the packaging levels 1 to
3. The integrated chip, which leaves the semiconductor’s manufactor fab, is assem-
bled alone in a plastic package or together with other chips into a multi chip module
(MCM), system on a chip (SOC) or system on a package (SOP) and thus forms the
packaging level 1. Several MCMs, SOCs, and SOPs can be mounted on a PWB and
form the package level 2. An example of this is a graphics card found in today’s
desktop computers. This card can further be mounted on a motherboard (package
level 3). Finally the motherboard can be mounted onto a backplane, which forms the
backbone of, e.g., internet routers or high-end computers (see Fig. 1.1) [2].
However, on each packaging level the communication between the sub-level compo-

nents and a higher packaging level has to be ensured with a good signal resolution at
an appropriate speed.

1
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Wafer
�

Chip

�

MCM,
1st level package

�

PCB assembly,
2nd level
package

�

Motherboard,
3rd level package

�

Backplane,
3rd level
package

�

Figure 1.1: Packaging levels for products of the electronics industry, going from chip-level
towards rack-level, according to [2]. Consumer products usually stop at the
PCB- or motherboard-level.
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1.2 ORMOCER R©s for optical and RF interconnects

Example: Let us have a look at a typical starting-sequence of a computer program:
The user starts a fancy 3d program. The system gets the order to load data into
the main memory (package level 1). Afterwards the graphics card is commanded
to show an image. At first, data have to be transferred from the main memory to
the graphics card (package level 2) and further to the memory on the graphics
card (package level 1). Finally, the processor unit on the graphics card will
render an image and send it to the monitor output. The question arises: Where
is the bottleneck? The communication over the packaging level’s frontiers, i.e.,
chip-to-MCM-to-board-to-MCM-to-chip, is the limiting factor in this chain. On-
chip communication will be approaching 10 GHz in the year 2010, whereas the
off-chip clock speed will approach 6 GHz at the same time, as predicted by
the ITRS consortium [3]. Actually, the bus clock-speed (also known as Front
Side Bus) on motherboards has reached 1 GHz [4], which is below one third of
today’s CPU clock speeds, produced by AMD [5] or Intel Corporation [6].

Three major research trends have been observed recently to push the limits of electri-
cal interconnects further and to make products more consumer friendly (e.g., smaller
in size):

• optical backplanes and motherboards [7, 8],

• low-loss dielectric materials for high-speed thin film applications [9], and

• integral/integrated passives (for definitions see both, [2] and [10]).

Much research is thus focused on low-loss dielectrics and integral passives and inte-
grated passives, because their implementation in modern consumer products is easy to
establish. The topic of high-k materials for thin film applications on PCBs is directly
connected to the integral/integrated passives. However, large research activities were
reported from Georgia Tech (Atlanta, USA) in this area [11–15].

The focus of this work is mainly on the first two points in the list above, although
also integral passives have been treated to some extend. Optical interconnects on
motherboard and backplane level can be established either by a guided optical wave
approach or by free space optical interconnects. Here, a planar optical waveguide
approach demonstrating the feasibility of the novel “flexible manufacture approach”
for optical backplanes is presented. Additionally, processing problems of optical back-
planes and application limits will be discussed. Furthermore work on process develop-
ment and material characterization of low-loss dielectric materials will be presented.

1.2 ORMOCER R©s for optical and RF interconnects

Since around 1990, development and research for a new material class called
ORMOCER R©s is ongoing at the Fraunhofer Institute for Silicate Chemistry
(FhG-ISC, Würzburg, Germany).

3



1 Introduction

Figure 1.2: Reaction scheme of an ORMOCERR© resin: from pre-cursors to the resin.
Scheme according to [19].

Applications for this material class can be found in, e.g., large-area protective coat-
ings [16], dental fillings [17], and opto-electronics [18]. The latter is the focus of the
present work.
ORMOCER R©s are hybrid inorganic-organic polymers, where the resin is prepared by
a sol-gel poly-condensation of alkoxysilanes. A simplified reaction scheme is shown in
Fig. 1.2.

When a photo initiator is added to the ORMOCER R©s resin, it will behave like
negative photoresist under UV exposure. An initial cross-link of the organic struc-
tures due to the exposure will be fulfilled by a thermal curing step at around 423 K.
Additionally, the material is stable up to 543 K and shows good adhesion to various
surfaces such as, oxides, FR4, glass, and Si/SiO2 [19]. The material-class is in certain
aspects superior to its competitors, e.g., methacrylates, BCB, Polyimide, and Epoxy.
Methacrylate-systems have difficulties to withstand high temperatures up to 543 K.
BCB and Polyimide need rather high process temperatures (above 473 K) and intro-
duce high mechanical stress into the substrate, which may causes critical substrate
deformation but also risk for cracking of the polymer layer. Lastly, epoxies are a good
choice, but the dielectric (tan δ ∼0.015) and optical properties cannot compete with
ORMOCER R©s.
ORMOCER R©s with applications in opto-electronics have been reported with low op-
tical loss values (0.2–0.3 dB/cm at 1320 nm, 0.5–0.6 dB/cm at 1550 nm) [20] and
low dielectric loss values in the high-frequency domain (tan δ = 0.0035 for εr = 2.5
up to 40 GHz) [21]. The material is interesting for future MCM-Ds or similar SBU-
processing [2], where dielectric materials with these properties are needed to transmit
electrical signals with low losses across the package. Furthermore, the possibility to
apply certain materials of this class, both as dielectric material [22] and waveguide
core material [23] makes it an interesting choice for hybrid electro/optical backplane
applications, as demonstrated in a small-scale approach [18].

In the present work, the focus is on process development of various ORMOCER R©

materials, and their characterization contact angle measurements, surface tension
estimations, and refractive index measurements. This work was done in close collab-

4



1.3 Scope of thesis — Scientific contribution to the field

oration with the FhG-ISC. Process details are given in sections 5.2, 6.2, and 8.1 and
in the papers attached in the Appendix.

1.3 Scope of thesis — Scientific contribution to the
field

Attached to this thesis are four papers, and a short description of their contribution
to the science field is given below. Furthermore, links are provided pointing at the
appropriate chapter where background information and motivation for the research
can be found.

SBU-Materials — process development and materials characterization: During
the DONDODEM EU-project a new dielectric materials for use in MCM appli-
cations was developed. Here, as a final task, process development to create a
four-layer SBU demonstrator with alternating dielectric/metal layers was per-
formed, using a UV-patternable ORMOCER R© as dielectric material. One aim
of this task was to characterize the dielectric constant of the material at high
frequencies (1 MHz – 40 GHz) and to show a cost effective alternative for high-
frequency packaging. For more information see chapter 8.1 and paper I.

Optical Backplanes — a flexible manufacture approach: Research is performed
worldwide on optical backplanes. An overview is given of the different ap-
proaches reported in literature. Based on this material, the concept of the
“flexible manufacture approach” was introduced. A central idea of the approach
is to step-out a set of small high-precision photolithography masks over a large-
area panel. The design of the mask-set is to be chosen in such a way, so that it
is possible to create unique, customer specific backplanes. Because the optical
backplane market seems to be more a niche-market than a mass-market, this
approach will give small companies the possibility to act with high flexibility. A
large-area demonstrator was created, showing optical interconnects over 20 cm
in length with an optical loss of 0.6 dB/cm (λ = 850 nm). For more information
see chapter 6 and paper II.

Limitations to and solutions for optical loss in optical backplanes: The optical
power budget available on realistically routed optical backplanes based on planar
polymer waveguides was critically reviewed. As a result, it was recommended to
do an optical power budget calculation in the following way: firstly, sum all loss
values of functional structures on the link, secondly, determine the length of the
longest link, thirdly, chose the appropriate waveguide material. The outcome
of such a tentative calculation revealed that it is unavoidable to amplify the
signal along the link on realistically routed optical backplanes. Therefore, the
concept of a Flip Chip Mountable Optical Waveguide amplifier was proposed.
Well-known and established technologies for optical interconnects on wafer-level-
scale were combined to accomplish this. The device is designed to be mounted
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on key-points to establish a suitable signal strength. The concept proposed is
compatible with pick-and-place and reflow processes of the PCB industry. Fur-
thermore, high-speed electrical links and optical links were compared briefly.
The existence of a break-even length beyond which optical interconnects gets
superior on backplanes in technical aspects was revealed. For more information
see chapter 7 and paper III.

Alternative process route to prevent material incompatibilities during processing:
During the large-area panel optical backplane project (see paper II) a material
incompatibility between the core layer and the cladding layer was discovered
during processing of the optical waveguides. A workaround usually employs a
surface activation by silanization or plasma activation procedures, which where
not available for the large-area processing in the department’s cleanroom. An
alternative process route in this case was to make core and cladding mate-
rial more similar by adding small amounts of refractive index tuning agent to
the (former pristine) core material layer. A straightforward method to detect
de-wetting behaviour was proposed. Furthermore, surface characterizations by
contact angle measurements and surface tension calculations were performed.
For more information see section 5.2 and paper IV.

In the following chapter an introduction and background to the papers attached
will be provided. It will start with an brief overview on optical backplane technologies
(chapter 2), followed by a review on functional structures necessary for light routing
issues in connection to this (chapter 3). Chapter 4 deals with polymer materials
suitable for planar optical waveguide applications, whereas chapter 5 starts of with
characterization techniques for optical properties of these materials. Furthermore,
surface tension measurement aspects, related to paper IV, will also be treated here.
In chapter 6, process description and results of the large-area panel work will be
presented, which is related to paper II found in the Appendix. In chapter 7 (related
to paper III) an introduction to an active optical amplifier device suitable for use
on optical backplanes is presented. Chapter 8 deals with process development and
dielectric characterization of ORMOCER R© materials, which is related to paper I.
Finally, in chapter 9 the conclusions can be found.
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2 Optical Backplanes

The terms bandwidth and bit rate are often interchangeably used in the context
of digital optics communication. The bit rate (BR) is equal to the amount of bits
transmitted per one second over a link. The term bandwidth (BW ) is equal to the
frequency range within which a signal can be transmitted without loosing its integrity.
For this thesis the definition BW = BR was chosen, to be consistent with fiber-
optic communication terms, although there do exist modulation and signal encoding
technologies to transmit a higher bit rate at a given bandwidth [24].

2.1 The limitations of electrical & optical interconnects

Bottlenecks in today’s electronics are to a large extent associated with the chip-to-
board communication and the off-chip communication in general (system bus). In
this context the terms the

The gap in performance between chips and packaging is increasing [2, 8, 25–27].
Industrial applications which have already reached or can reach this frontier very
soon include: internet routers [26], high-end computers [28], communication systems
within spacecraft, airplanes and cars [29–31], and radar [32]. In common applications
such as image processing and virtual reality more bit rate is also needed [25, 33].
Furthermore, biosequence processing, e.g. DNA sequence analysis, needs large bit
rates to perform analysis task in a reasonable time [34]. Applications with symmetric
multiprocessors units, i.e. where several processor units share one memory unit, de-
mand high bit rate communication over a shared bus, where optics show advantages
over electric interconnects [8, 35].
The ITRS report from 2003 predicts a chip-to-board speed for electrical interconnects
up to 3 GHz for the year 2005 and approaching 9.5 GHz for the year 2010 [3]. Prob-
lems arise when trying to realise large system interconnect systems and high-speed
communication over long distance links up to the size of the board (usually 60 cm x
48 cm). Additionally, in the reports [25–32, 36] and in the text book of Tummala [2]
it is predicted that the optical communication speed on the board level will rise from
1–10 Gbps in 2004 up to 10–100 Gbps in 2011.

The physical limit of data transmission on Copper-wire-backplanes is reported
to be 2.5 Gbps*m [25, 28, 29, 36], whereas experiments showed that signal transmis-
sion at 8.7 Gbps*m [37] up to 15.25 Gbps*m [38] are possible, using duo-binary signal
encoding techniques. A drawback in this case is the high signal loss of 50 dB over
the link [38]. Although it was demonstrated that signal transmission is possible, the
solution presented is doubtful for practical applications. The signal power of -50 dB
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at the output side seems barely applicable in real-life systems.
In general, a high-frequency signal above 10 GHz along a Cu-link on a backplane
is attenuated through skin losses in the wire and dielectric losses in the substrate
[39]. Berger et al. [26] assumed a tolerable electrical power budget of 20 dB over
a 1 m link and calculated bandwidth x length products of 5 to 15 Gbps*m for loss
tangents ranging from 0.02 to 0.004. Other simulations showed that the total signal
attenuation for a 10 GHz electrical link on standard FR4 PCB material can be about
-50 dB over 1 m [39] or 0.5 m [40]. A partial solution to the problem is the use of
low-loss dielectric materials in backplanes, such as Rogers 4000 (tan δ = 0.004 [40],
tan δ <0.0037 (according to data sheet)) instead of FR4 (tan δ = 0.02). A gain in
electrical performance of 100% can be achieved by this choice, whereas the cost will
rise by a factor of 5 [40]. However, a solution for skin loss compensation has not
been presented so far. The current in a Copper wire at high frequencies is pushed
towards the surface of the conductor, thus increasing the resistance of the conductor.
Instead of a solution for the skin loss, different models were proposed in the literature
to integrate theses losses into the design of high frequencies circuits [41, 42].
Contrary to electrical high bit rate interconnects, high bit rate optical interconnects
were demonstrated on board level. A planar polymer waveguide link (length 1 m)
operating at 12.5 Gbps has been reported [43]. The link-loss was measured to be 0.04
dB/cm at 850 nm in this case, thus giving a total signal attenuation of 4 dB over the
link (excluding coupling losses).

Packaging density, signal integrity and immunity against electromagnetic in-
terference (EMI) are crucial problems for electrical interconnects [44], especially for
military, avionic, and automobile applications. Products in these operational fields
should be insensitive to electromagnetic disturbances and should not emit radiation
themselves, which can be guaranteed through appropriate shielding of the devices. To
ensure signal integrity of an electrical link on backplanes some design rules have to be
fulfilled. The width of high-speed (10 Gbps) electrical wires on PCB’s was proposed
to be 500 μm [45]. This forces a distance of 750 μm to the neighboring wire to prevent
cross talk, according to a rule of thumb [46], which gives a pitch of 1.25 mm.
Alternative solutions for EMI and signal integrity of electrical links aspects are (pla-
nar) optical waveguides on backplanes [2]. For optical waveguides, dimensions of 70
μm x 70 μm were proposed based on considerations of the capabilities of pick-and-
place equipment in the PCB industry [47]. These numbers lead to a distance 20 μm
between neighboring waveguides [48], which gives a pitch of 90 μm. Thus, the pack-
aging density of optical waveguides is much higher than that of electrical links in this
case.

A widely discussed topic is the so called “break-even length” for optical and elec-
trical interconnects (see [26, 45, 49]). The question which arises is: When does optical
interconnects get technically feasible at a given bit rate in connection to a limited
power budget? One answer to this question is based on the power consumption of
high-speed links, as discussed by different research groups for the electrical and the
optical case. Svensson [45] estimated the dissipated power of an optical link to be 4
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W compared to 0.1 W for the electrical equivalent with a given link length of 10 cm
and a total bandwidth of 4 Tbps.
Cho et al. [49] calculated the power dissipation as a function of the link length and
the bit rate and estimated this way a break-even point, beyond which optical links
become feasible. At a given bit rate of 6 Gbps the critical length was estimated to be
43 cm for a dissipated electrical power of 26 mW. Furthermore, it was observed that
this critical length is reduced for higher bit rates and lower BER, therefore giving the
advantage for the optics.
These two examples show that a break-even length in terms of link length can be
determined when appropriate boundary conditions are chosen.
Break-even length calculations are often limited to wiring capacitance and signal at-
tenuation considerations. Pappu and Apsel [50] have chosen a different approach by
taken into account the load capacitance of large-scale electrical signal fan out as well.
Applications of such schemes can be found in, e.g., multibit data paths, clock distri-
bution, and fan out to multiple nodes, where the latency of the distributed electrical
signal is crucial when the system’s size expands. It is believed that optical intercon-
nects on chip level has its eligibility and that break-even length calculations have to
be performed by considering both the load capacitance and the link length in this
case. Calculations for the delay and energy metrics of an optical interconnection fan
out driven by an electrical load showed that the break-even point for electrical fan
out is approximately 250 minimum sized inverters [50].
The economical side cannot be neglected either: The electron has to be converted
into a photon, transmitted over the link and reconverted to an electron on the other
side. This means, not only the design of the link has to be revised, additionally, laser
diodes (preferable Vertical Cavity Surface Emitting Lasers (VCSELs) until now), PDs,
and driver chips have to be included on the board. This introduces excess costs, which
have to be defended in the first place. Here, the question arises: Where is the break-
even point in system costs for resolution of a high bit rate electrical signal compared
to the link alternative based on optics? This question is, at least in public, unsolved
until now, although researcher groups [7, 39, 51] emphasize the importance of low
cost assembly of optical backplanes and the industry is currently looking for adequate
cost models [52].

In summary, the discussion focus’ on two subjects: optical interconnects beyond a
break-even length on backplanes and optical interconnects for clock distribution on
chip-level. When and where optics has to be chosen is strongly dependent on the
application and a decision has to be taken after a careful evaluation of its boundary
conditions in each case.

Solutions, in the form of hybrid electro-optical interconnect systems, e.g. as sug-
gested by Naeemi et al. [40], Griese [53], and Holden [7] have been proposed, e.g. to
get rid of the EMI problem and increase the overall bandwidth of a system. Addi-
tionally, a re-evaluation of the frontiers of electrical interconnects in order to increase
the bit rate has been performed [45].
Huang et al. [39] point at that, although the viability of technical solutions for
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optical backplanes has been published, hardly one concept for their use in a computer
system can be found in the literature. Furthermore, the cost of replacing electrical
links with optical links must be reduced to make optics competitive in high-speed
and high-density applications from a market point of view [39]. Lukowicz et al. [33]
reasoned in a similar way and named inadequate and costly packaging technology, and
inadequate system architecture as the reasons for the small impact of optical inter-
connections on board or rack level in real-life systems. During the last 15 to 20 years
several approaches for optical backplane solutions have been proposed. The launch
of a production line was announced several times, although no breakthrough product
has been spotted on the market to date. However, research groups at universities all
over the world are focusing on the topic optical backplanes, and several companies
have started up research in this area as well, as outlined below.

2.2 The PCB industry and the optical backplane market

It is often stated and was recognized early, e.g. by Hartman et al. [51], that approaches
for optical backplanes should be compatible with standard production methods of the
PCB industry. In particular, the production of an optical backplane shall be regarded
as an add-on step in common PCB production, including the formation of the (optical)
waveguide layers and the positioning of the optical components using standard pick-
and-place technology. The lack of a successful product on the market can have at
least three reasons:

1. Optical backplanes are niche products and only interesting for a certain con-
sumer group, i.e. high-end users.

2. The PCB industry is too conservative and not willing to change.

3. Technological solutions for optical backplanes are far too expensive to be suitable
for a normal SMT production line.

It is difficult to judge the importance of these factors on the industry’s position on
optical backplanes. The first factor above is related to the market volume. Unfor-
tunately is it hard to do a market analysis on this topic. Information is available,
but only in the form of reports, provided by consulting companies such as Global
Information [54], ElectroniCast [55–58], and BPA Consulting [59]. The only public
information found so far are the reports of Montgomery [60] and Holden [7], and an
announcement on the internet [61]. The information given in these sources is sum-
marized in Fig. 2.1.
Even if the forecasts look promising, it has to be taken into account that the optical

backplane market is strongly dependent on the welfare of the rest of the electronics
industry. For instance, a slow-down was observed on the optical backplane market
over the years 2003 to 2004, which has to be attributed to an overall slow-down in in-
dustry/economy and a focus towards high-end copper solutions [61], such as [37, 38].
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Figure 2.1: Forecast on the volume of the optical backplane market. The bars are asso-
ciated with a) Montgomery [60] based on ElectroniCast, from bottom to top:
North America, Europe, Japan/Pacific Area, b) information found on [61],
based on BPA Consulting [59], total market forecast for backplanes including
optical backplanes, c) Holden [7] based on ElectroniCast.

Furthermore, the report of BPA Consulting [59] seems to include the optical back-
plane market volume in the backplane market volume, whereby summary figures only
are presented in [61]. The volume presented here and in [7] are looking similar, but
there the optical backplane market only was taken into account. From these state-
ments it is not totally clear which market volume can be expected. Looking at the
applications outlined above, it seems that all of them belong to special fields, repre-
senting a single technological frontier with a specific need for a solution. Furthermore,
high-end applications are often associated with high production costs. This lets one
conclude that a small amount of the backplane market volume will transform to an
optical backplane market, thus this market is considered to be a niche market. As
long as the acceptance at the customer’s side is limited in this way, the pressure and
demand to the industry is not strong enough to start up production lines. Especially
since the limits of electrical interconnects proposed in the 1980’s can still be stretched
a “few inches”.

2.3 Motivation — A closer look on bottleneck
applications

Motivation, technical approaches, and materials for optical interconnects on board-
level can be found in numerous papers, of which only some recent review papers will
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be referred to.
The review of Forbes et al. [62] discusses the advantages of optical interconnects

on board level compared to electrical interconnects. Problems of electrical intercon-
nects are the increasing gap between on- and off-chip bandwidth, frequency dependent
losses, cross talk, impedance discontinuities, and power consumption. Their tutorial
focuses on technology and production aspects. A short review regarding solutions for
optical interconnect approaches is given too.

The report of Berger et al. [26] from IBM Research (Zürich, Switzerland) defines
interconnect requirements for future commercial systems, such as Internet switches,
routers, and subsystems. Furthermore, optical interconnects for rack-to-rack and
board-level applications, based on waveguide and free-space optical interconnects, are
reviewed briefly. The report is intended as a roadmap for IBM research in this area
with a timeframe of 2006–2010. The expected limits of Copper-based solutions have
been studied from an applications point of view. Attenuation versus bit rate for
substrates with various dielectric losses (tan δ) has been estimated. With a limit of
tolerable attenuation of 20 dB for 100 cm interconnect length, the maximum bit rate
is 5–15 Gbps for tan δ = 0.02–0.004. Any EMI or crosstalk aspects that may further
limit the applicability of electrical interconnects were not considered.

Holden [7] summarizes the problems electrical interconnects are faced with on high
bit rate backplanes, such as EMI, signal integrity, pin-count density, and signal noise.
Optical interconnects are stated to be a solution for this problem, whereas require-
ments from the PCB processing point-of-view on these solutions are listed here. These
include technical solutions such as components, processes and design tools, but also
requirements on the materials properties, such as stability of materials to harsh en-
vironment conditions. Finally, several backplane approaches, such as the EOCB,
PolyGuide, TOPCat, and Truemode are presented briefly. The report is thought as
a starting point for further research on the area.

The HOLMS project [33], a cooperation between Heriot-Watt University (Scot-
land), ETH Zürich (Switzerland), THALES Communications (France), Siemens/C-
Lab (Germany), University of Hagen (Germany), SUPELEC (France), University
of Paderborn (Germany), and ILFA AG (Germany), aims at making optical inter-
connects on board level feasible, by presenting an adequate system architecture and
feasible packaging technologies. It was pointed out that a lot of packaging approaches
exist, but hardly one complete system, which is handling specific tasks, could be
found. For this project, the memory latency in multiprocessor systems was consid-
ered to be the bottleneck in (high-end) applications, although doubts have been raised
from other research groups [39]. The HOLMS demonstrator is composed of four CPU
and sixteen memory banks distributed over two PCBs. It is intended that every CPU
should be connected optically to every memory chip. However, the goal of the project
is to demonstrate that “optical interconnection technology is capable (of) . . . provid-
ing system-level benefits for real life systems”. A possible target application would
be a large-size image handling equipment, e.g. for medical or radar research.

Ao et al. [34] demonstrated an application for high-speed data string comparison
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in biological sequence analysis for DNA analysis. The bottleneck in this case is the
interface between the processor unit and the system memory, where the scoring data
have to be compared with a sequence database. In this case parallel optical intercon-
nects was chosen to overcome the bottleneck and a demonstrator was build to show
the feasibility of the approach.

As mentioned before, various industry and consumer groups welcome commercially
available optical backplanes [29, 30, 32, 63]. Copper wires may be exchanged for
optical waveguide or free-space interconnection methods.
A typical waveguide structure is shown in figure 2.2. Here, the core has a higher re-
fractive index than the cladding to establish the condition of total internal reflection
(TIR). Light is confined within the waveguide and travel along the central axis, as
long as the TIR condition for the incident angle is established [24].

Substrate

�
�

� �

� Under Cladding

� Core

� Upper Cladding

Incident
Light

Figure 2.2: Waveguide structure containing under cladding, core, and upper cladding layer.

2.4 Optical interconnects on wafer-level scale and on
board-level

Optical/electrical interconnects is discussed in at least two different areas: fiber opti-
cal interconnects [8, 64, 65] and optical backplanes [7].
Today, Internet long-haul communication is established using optical fibers, whereas
Ethernet cards in computers still use electrons as input signal. The fiber optical in-
terconnects area deals mostly with silicon bench technology for connecting the optical
fibers to a detector to transform photons into electrons. This technology is well de-
veloped and well established on the market. The silicon bench technology enables
high precision V-grooves to align optical fibers to a PD [66]. Furthermore functional
structures can be included on chips such as, De-Multiplexers (DMUX) [24, 67, 68]
and pre-amplifiers [69]. In optical fiber technology, information is simultaneously
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transmitted on several wavelengths around a center wavelength. DMUX split the op-
tical signals of one waveguide, consisting of many different wavelengths, to separated
waveguides with one wavelength each [24, 67, 68]. Furthermore, the incoming signal
has often a rather low strength. Therefore a pre-amplification might be necessary and
can be provided by Semiconductor Optical Amplifiers (SOAs), which are integrated
on the PD chip [65, 69]. Target wavelength bands for these applications are around
1310 nm and 1550 nm, respectively.
In contrast to the fiber technology, optical backplanes are autonomous systems, i.e.
an optical connection to the outer world is the exception rather than the rule. An
application example is found in high-end computers. This encapsulation in communi-
cation to the outer world has the side effect that work is mostly focused on wavelengths
around 830 nm, due to the fact that low cost VCSELs and PDs are available and poly-
mer materials have a low-loss optical window for this region.
As discussed further below, the focus of optical backplane interconnects is more on
large-area panel products, which removes some of the process technology possibilities
which exist on chip-level, such as reactive ion etch (RIE) and high-precision pho-
tolithography down to the sub-micrometer scale [2, 70]. This not only has an impact
on the processing itself and functional structures (as outlined below), it also reduces
the amount of materials available for optical waveguides, because some of them can
be patterned by RIE only. However, in this thesis the focus is primarily on opti-
cal backplanes, although a general overview on the patterning techniques, functional
structures, and waveguide materials suitable for both, wafer-level and large-area pro-
cessing, will be given too.

2.5 Approaches for optical backplanes — An overview

All over the world, universities, research institutes, and companies have performed
extensive research on optical backplanes. Fig. 2.3 shows where research activities are
found, and the approaches are now described in detail.

In general, there are four main approaches to introducing optical interconnects for
PCB’s and backplanes, in addition to fiber solutions:

• free-space optical interconnect, including the bi-directional approach using holo-
graphic systems

• buried waveguides inside PCBs

• optical layer on top of PCBs

• flex-foil based optical interconnect

The definition for free-space optical interconnect (FSOI) is not straightforward.
For every approach in this group, however, the light beam is transmitted without
being confined in a waveguide structure (see Fig. 2.2 and Fig. 2.5 for comparison).
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Free-Space
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Optical Waveguide layer on PCB
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Figure 2.3: Overview on research activities worldwide on the topic optical backplane, with-
out claim on completeness.

Some demonstrators apply micro-mirror micro-electro-mechanical system (MEMS) to
redirect signals between different optical waveguides or fibers [32, 62, 71]. Others use
a transparent building block to guide the light in fan-out operations [33], optical relay
modules [72], or apply real free-space transmission over several centimeters [34].
However, activities in the field of FSOI using micro-mirror MEMS were reported, e.g.
from Halmstad University (Sweden) [32], Heriot-Watt University, Riccarton, Edin-
burgh (UK) [62] and the University of California, San Diego (USA) [71]. Fig. 2.5
show the principles of this technique, whereby in this case light beams between waveg-
uides are redirected in free-space by employing micro-mirror MEMS.
The report of Agelis et al. [32] (part of the HiSPOT-project [73]) gives a starting point
for further research regarding FSOI. In this report, a model of optical interconnect
employing optical MEMS is presented. In a case study, the feasibility of an optical
interconnection system in a future parallel processing radar system is presented. The
report of Forbes et al. [62] shows a demonstrator for short link FSOI with 4096 data
channels and 250 Mbps data rate per channel. The main purpose of the described
EU-project was to show the compatibility of the multidisciplinary technologies needed
to couple opto-electronic free-space interconnects to silicon VLSI. The report of Esener
and Marchand [71] is primarily a review of their own work on a FSOI demonstrator
with 48 optical channels and data rates up to 800 Mbps. The intention of the review
is to present methods for realizing short path MCM-interconnect. Key parameters are
given for further development in the field, e.g. dimension of optical packages, overall
costs, and effective CAD tools.
Cohen and Jagadish [74] (Australian Department of Defense, Canberra, and Aus-
tralian National University, Canberra, Australia) presented an alternative method to
micro-mirror MEMS switching. Here, a thermal lens is formed in the resonance cavity
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of a VCSEL. FSOI with a variable angle of ±30◦ was demonstrated and switching
speeds up to 2 GHz are reported to be possible.
The Department of Electrical and Computer engineering at the Colorado State Uni-
versity (USA) [34] demonstrated a bio-sequence processor based on FSOI. A FPGA
board was used to control the bio-sequence analysis chip, equipped with an 8 x 8 ma-
trix of PDs, and the driver unit for the laser source. The optical pathway is composed
of Diffractive Optical Elements, beam splitters, and lens systems. The FPGA was
working at a speed of 166 KHz, an increase up to 20 MHz is possible by increasing
the laser power, whereas further performance increase up to 1 Gbps are dependent
on the availability of high-speed PDs.
Research activities on FSOI were reported from Canada too, here in particular from
McGill University (Montreal, Quebec) and the University of Toronto (Toronto, On-
tario) [72]. The central idea was to present an optical node enabling 32 bit intercon-
nect between four multiprocessors. Each node contains a chip bearing 256 transmit-
ters and 256 receivers. The optical link is established over a ring structure between the
processors with optical signal add and drop nodes. The ring is built up of polarization
beam splitter modules, optical relay modules, and micro lenses. The target clock rate
for the optical transmission is 200 MHz, whereas the off-chip electrical frequency is
at 50 MHz. The main result is the high data density of 1250 channels/cm2 achieved.
In a key-structure of the HOLMS project [33, 75] planar integrated optical free-space
systems (PIOFS) are applied to establish a connection between an OE-MCM and
fiber optical links to a neighboring PCB. The PIOFS is a thin transparent layer on
top of the OE-MCM distributing the incoming and out going signals between the
OE-MCM and the fiber connector. The signals are coupled into the layer at a certain
place, and are distributed by back and forth reflection all over the area. This idea is
similar to the bi-directional approach shown in Fig. 2.4.
Similar to this approach is the so-called bi-directional or “shared bus” approach [76],
which was developed by the research group of R.T. Chen at the University of Texas
(Austin, USA). The model for the high-performance bus for multiprocessor systems
was proposed in 1995 [77]. The authors emphasize the compatibility to Futurebus+
and Multibus II. The carrying layer for optical information is a glass sheet. This sheet
works as the physical optical bus layer. Sub-system boards are mounted perpendicu-
lar to this sheet. Light is coupled in perpendicular to the glass sheet and is refracted
in opposite directions within the glass layer. Holographic gratings provide the in- and
out- coupling function of light. Fig. 2.4 show the principles of this technique. Align-
ment, power requirement and data transfer integrity issues were covered in [78, 79].
The alignment problem could be relaxed by applying collimating lenses. Laser input
powers should be between 3.0 μW to 60 μW. Using collimating lenses (f =1 mm)
and a beam pitch of 750 μm, a maximum interconnection distance of 9 cm by a BER
of 10−12 within the glass layer could be achieved [80]. A fully working demonstrator,
containing an optical wave guiding plate, two memory cards, and a processor card is
presented in [81]. High-speed data processing at 1.25 Gbit/s was achieved between
memory and processor. Recently, a demonstrator composed of one processor card and
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4 memory cards was presented, showing the feasibility of the system [76].
The main drawback of FSOI is that it requires shielding the free-space optical path
to avoid, e.g. dust and is therefore less suitable for harsh environments.
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Figure 2.4: Principle of a bi-directional optical interconnect.

Figure 2.5: Free-Space Optical Interconnects (FSOI). Principle. On the left and right hand
sides the waveguide ends are visible. The light beams are re-directed in free-
space with the help of optical MEMS. The arrows visualize the redirection of
the beams. The figure is adapted from drawings in [32].
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2 Optical Backplanes

Buried waveguides for applications in connection to PCBs have been studied
by the Fraunhofer Institute for Reliability and Microintegration (FhG-IZM), Berlin
(Germany) [82], NTT Telecommunications Energy Laboratories, Kanagawa (Japan)
[83], IBM Zürich (Switzerland) [26], Terahertz Photonics Ltd. [84], the ETRI consor-
tium in Korea [85–87], and the University of Dortmund [88] among others. Fig. 2.6
shows a principal sketch of this attempt.
The EOCB project was on-going for several years at the FhG-IZM [28, 89–91]. The

Substrate

Substrate

� Under Cladding

� Core

� Upper Cladding

Figure 2.6: Buried waveguides.

main focus here was to bury/embed waveguide layers into PCBs. The waveguides
were made by hot embossing of polymer foils (see Fig. 2.7). These foils were used in
a PCB lamination process, forming the buried optical layer of the board. The length
of the waveguides was limited to 10 cm due to the dimensions of the shim. In the
article of Ishii et al. [83] a conceptual study is presented regarding NTT’s approach to
optical PCBs. Optical units such as VCSELs and Photo Intrinsic diodes (PINs) are
implemented together with silicon LSI in a single package. These packages are surface
mounted on a PCB board. The authors emphasize this technology, since it utilizes
state-of-the-art technology in the PCB industry. Lenses on the board and on the pack-
age collimate the optical beams. Such an interface is referred to as an “OptoBump”.
The light will be coupled by 90◦ beam deflection directly into the optical interlayer
in the PCB [92]. Position and coupling tolerances of ±50 μm by clear eye-diagrams
at 1.25 Gbps were reported. A discussion regarding further development of optical
i/o-packages (transmitter and receiver in separate packages) is given in [93] including
an update in 2003 including measurements on 30 mm long waveguides and a NRZ
signal transmission at 1.25 Gbps [94]. IBM Zürich in 2003 presented a roadmap-like
report giving motivational background for their interest in optical backplanes for In-
ternet router applications [26]. First results of a signal transmission at 12.5 Gbps at
850 nm over a 50 μm x 50 μm waveguide, 1 m in length were published in 2003 [95].
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2.5 Approaches for optical backplanes — An overview

(a) Bottom cladding material and metal shim
(top) before joining under pressure and heat.

(b) After joining and separation of cladding and
shim.

(c) Grooves in cladding material are filled with
waveguide core material.

(d) Finally, the structure is completed by top
cladding deposition.

Figure 2.7: Embossing method to produce waveguides [82].
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Recently, progress towards a full working demonstrator was reported [43, 96, 97].
In addition to these approaches, the Scottish company Terahertz had an optical back-
plane based on their TruemodeTM polymers line in their portfolio. The multimode
buried waveguide backplane was equipped with a proper optical in-/out-coupling de-
vice as well [84, 98]. Unfortunately, the company went bankrupt in 2002 [99], but
re-appeared shortly after under the name Exxelis [100].
The Electronics and Telecommunications Research Institute (ETRI, Korea) has re-
ported another approach for optical backplanes [85]. The backplane itself contains
buried waveguides with a core size of 60 μm x 60 μm, prepared by the hot embossing
method [91]. The optical loss was measured to be 0.1 dB/cm at 850 nm. The daugh-
ter boards (PCBs) are mounted perpendicular to the backplane. The electro/optical
(e/o) signal conversion is performed on a metal optical bench (MOB) on the PCB and
contains parts such as access modules, driver chips, VCSEL arrays, multimode fiber
arrays, deflection prisms, and micro lens arrays. The conversion unit is assembled
together with a so-called “optical slot” which ensures the optical coupling between
PCB and backplane. A clear eye opening could be observed for 8 Gbps NRZ data
transmission between PCB and backplane [85]. An earlier report of this group showed,
that the optical loss in the optical slot is about 7 dB [101]. This is far too high if a
full link shall be established, when considered the reported power budget of 14 dB for
the whole link [85, 101]. For a full point-to-point link two of these optical slots have
to be passed, which already consumes the whole power budget and leaves no room
for further optical losses at all. A coupling solution with relaxed tolerances has been
reported recently, where the optical loss of an “optical slot” was reported to be below
2 dB [87]. Furthermore, the demonstration of a 10 Gbps link was reported from this
research group [86].
The University of Dortmund has reported on an embossing approach [88], where work
was performed related to the OptiCon project [102], which focuses on mass-market
applications. Multimode waveguides with a core cross-section of 70 μm x 70 μm and
12 cm in length were created by an embossing method, showing optical loss of 0.05
dB/cm at 850 nm. An extension to full board dimensions, i.e., 30 cm x 40 cm, is in
progress [103].
In the HOLMS project embedded multimode waveguides will be used too, whereas
the production method is still under discussion (photolithography vs. hot embossing)
[33]. The goal is it to manufacture the waveguide layer first and afterwards to lami-
nate the layer together with the other layers to a complete PCB.
The University of Texas (Austin, USA) and Sanmina-SCI reported on a molding/
embossing approach for the creation of multimode waveguides and micro-mirrors in
flex-foils, which afterwards were to be used in PCB lamination process. The waveg-
uides with a length of 50 mm and a core cross-section of 50 μm x 50 μm showed an
optical loss of 0.6 dB/cm at a wavelength of 850 nm. As core layer material SU-8 was
used, whereas the cladding layer material was TopasTM. A poly(dimethylsiloxane)
(PDMS) shim was used to form the waveguides through embossing [104].
Last but not least, the report of Frese et al. [105] should be mentioned. A short
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� Upper Cladding�

Core

Figure 2.8: Waveguides consisting of under cladding, core and upper cladding layer on top
of a PCB.

review of applications for optical backplanes is given and the report focuses mostly
on a low loss passive optical star coupler for silica fibers with various diameter (loss
better than 3 dB, uniformity better than 2 dB). The LIGA [2] approach for realizing
in-/out coupling structures for buried waveguides was discussed with special attention
to alignment precision.

The topic optical waveguide layer on top of PCB-substrate was treated by
(among others) Daimler Chrysler Research Center, Ulm (Germany) [106], Bellcore,
New Jersey (USA) [51], Ghent University (Ghent, Belgium) [107], Helsinki Univer-
sity of Technology [108], Huazhong University of Science and Technology (Huazhong,
China) [109], Georgia Tech (Atlanta, USA) [110], and by the DONDOMCM EU-
program [18]. A typical outline of this concept is shown in figure 2.8.
In the report of Hartman et al. [51] critical points for this type of implementation

of optical interconnects are indicated. The space for optical circuit elements must be
minimized, optical waveguide layer creation should ideally be a direct extension to
the PCB fabrication process, and materials must be compatible with existing PCB
materials. Furthermore, a trade-off has to be made between coupling loss and the cost
of optical elements. To reach reasonable goals, the requirement of waveguide losses
was suggested to be ≤0.2 dB/cm. Finally, a multimode waveguide demonstrator was
evaluated, which was produced using a projection mask aligner.
Robertsson et al. [18] presented a hybrid e/o-MCM substrate. The ORMOCER R©

material used showed both good optical (optimized optical properties: 0.2 dB/cm at
λ =850 nm, 0.26 dB/cm at λ=1310 nm, blends of optimized materials for optic and
dielectric purpose: 0.68 dB/cm at λ =850 nm, 0.47 dB/cm at λ =1310 nm) and good
dielectric properties (typically εr � 3.3, tan δ ≤ 0.004 between 1 kHz and 10 MHz).
Multimode waveguides (width x height x length: 50 μm x 20 μm x 20 mm) with
waveguide mirrors (45◦) produced by UV-excimer laser ablation were created. The
optical layers (cladding - core - cladding) were at the same time used as dielectric
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layers in the four metal layer structure of the demonstrator.
In addition to these groups, Moisel et al. [106] are working on their own version of
an optical backplane for avionic applications [29, 111]. Direct laser writing was used
to form multimode waveguides (250 μm x 200 μm [31, 44, 106] and additional 50 μm
x 50 μm [63]) on top of a PCB. The waveguides showed exceptionally low optical
loss (≤0.05 dB/cm at λ =840 nm) over a length of ≥1 m. In and out coupling to
VCSELs and PINs was solved via micro-mirror structures. Bit-error rates (BERs) for
10 Gbit/s are reported to be better than 10−12 [31]. These products were expected to
be available commercially in the year 2003 [63], but so far they have not been spotted
on the market.
The research group of Peter Van Daele at Ghent University (Ghent, Belgium) demon-
strated in cooperation with FCI ’s-Hertogenbosch (The Netherlands), and the Depart-
ment of Applied Physics of the Vrije Universiteeit Brussel (Brussels, Belgium) optical
interconnects on a PCB [107]. Multimode waveguides (length: 5 cm) with the core
dimensions 20 μm x 20 μm and 50 μm x 50 μm were created using photolithography
and laser ablation, respectively. The end facets, for coupling of light from a MT-
connector, with an undercut angle of 45◦ were also created by laser ablation. The
laser ablation method is considered a proof of concept in this case for an inexpensive
and flexible manufacture approach. Results from optical loss measurements have not
been reported so far [107].
Another approach was reported from the Packaging Research Center at Georgia Tech
(Atlante, USA) [112]. Waveguides (length x width x height = 14 cm x 50 μm x 7 μm)
were created on top of a PCB, using photo-defining techniques. Their optical loss
was measured to be 0.52±0.11 dB/cm (at 1550 nm) and 0.24±0.08 dB/cm (at 1310
nm). In this approach, the VCSELs and the PDs were embedded into the board.
Blazed gratings, formed by photo-definition applying incoherent optics, were used as
coupling structures.
Research activities have been reported from Finland, especially from VTT Electronics,
Helsinki University of Technology, and Aspocomp Oy [108, 113]. Optical waveguides
were created on top of PCB substrates (10 cm x 10 cm) by photolithography. The
optical loss was measured to be 0.6±0.03 dB/cm at 850 nm [114]. Target bit rate in
this case is a 10 Gbps data transmission over optical waveguides on the board level
[115, 116].

Yoshimura et al. [117] (Fujitsu Computer Packaging Technologies, San Jose, USA)
proposed their idea of optical interconnects using a flex-foil approach . The struc-
tural concept is based on flexible fluorinated polyimide foils, containing optical mul-
timode waveguides. MCMs in direct connection to VCSELs or PINs are mounted
directly on this foil. The distance between thinned modules are held as short as pos-
sible to ensure high bit rate electrical interconnects. Light is coupled directly into
optical waveguides via 45◦ deflection mirrors. The mirrors are made by direct laser
ablation. These foils are considered to be scalable modules and can be mounted di-
rectly on existing PCBs. Optical interconnects can be made in the x-y plane but even
in the z-direction through so called z-links. The driving force behind this project
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is the minimization of excess cost introduced through handling/packaging of optical
elements.

2.6 Optical Backplane — Summary

A brief overview on optical backplane approaches was given in this section. Various
techniques and recent results were presented from research centers worldwide. Huang
et al. [39] and Lukowicz et al. [33] emphasized that there is barely a real-life system
available on the market, but rather many different concepts and solutions for key prob-
lems. This could be confirmed by scanning through the literature, as shown above.
Exceptions from the overall trend could be spotted with the HOLMS project [33]
and the bio-sequence analysis device [34]. In both cases a specific target application
and an exact bottleneck was presented. A working demonstrator has still to appear
(HOLMS) or was already presented (biosequence analysis). Furthermore it should be
considered carefully when and why it becomes necessary to take the step from electri-
cal interconnects to the optical equivalent, by calculating break-even points, i.e. for
power consumption, signal attenuation, EMI questions, and cost issues.
It is often emphasized that optical backplane approaches should be compatible with
production steps and equipment of today’s PCB industry. This statement is obvi-
ous at a first glance, because the approaches can easily be adapted by the industry
and later an up-scaling of production volume to mass-market requirements is easily
done. But does it hold after closer scrutiny? Today, optical backplanes seem to be a
niche-market and no mass-market at all, even if there are demands for high bit rate
applications from different sides [29, 30, 32, 63]. The bottleneck described (memory
latency) is less important for the low-end mass-market products than for high-end
computers. The equipment park for production is available and can be used/adopted
by an optical backplane industry or, rather, an optical backplane manufacturer. It
is doubtful that the PCB industry will simply extend production lines for optical
backplane solutions, due to the fact that there is no obvious mass-market for them as
outlined in the introduction. Furthermore, optical backplanes would put a higher de-
mand on a clean working environment (cleanroom facilities) for PCB manufacturing.
The question remains: Is the customer willing to pay the price for this high-end equip-
ment or is he satisfied with the “not-so-good but good-enough” and much cheaper
equipment? It was proven in other research areas that customers tend to choose the
lower quality and cheaper product instead of the best technical solution (compare,
e.g., high-tech ceramic parts vs. steel equivalents, graphics cards with included sound
chip and without). It is not a path to success to restrict efforts to proving technolog-
ical concepts and solutions for optical backplanes alone. Instead, the focus should be
more on complete systems, to demonstrate that optical interconnects applied in key
points/communication pathways can increase the data throughput of the whole sys-
tem. However, without market pull by demanding customers, or a demonstrated cost
effective solution that removes bottlenecks in a real-life application, market success
will not be realized.
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3.1 General

For an optical waveguide link, two things have to be consided: first of all the light has
to be coupled from the laser source into the waveguide and on the other side of the link
from the waveguide back to the PD. Different approaches found in literature for such
coupling structures will be presented and discussed briefly in section 3.2. Secondly,
although signals most likely will be distributed over point-to-point links on high bit
rate optical backplanes, routing structures may be necessary in order to guide the
signal from one source to different destinations simultaneously or for switching the
lights pathway. Hereafter, a brief discussion regarding these structures will be given,
although most of them have been demonstrated or are intended for use in connection
to silicon-bench technology.
MEMS switches, enabling 2-dimensional free space interconnects up to a 64 * 64
matrix have been reported. This device is based on silicon-on-insulator technology
and has shown an insertion loss below 4 dB [118]. Furthermore, waveguide splitters
can easily be created by photolithographic processes. A 1-to-8 splitter ideally shows
a loss of 9 dB on one output channel compared to the input power [67], whereas an
excess loss of 0.1 dB was reported for a single Y-waveguide splitter (50 μm x 50 μm,
at 850 nm) [43]. Recently, Polman and van Veggel [119] proposed a device approach
for a 1-to-4 loss-less splitter. Key feature of the device is an Erbium doped waveguide
amplifier (Al2O3 host, working at 1530 nm), which boosts the incoming signal so that
the output signal can be spliced to 4 individual waveguides without additional losses
in optical power. The amplifier waveguide itself occupies the largest space on the
device, which could be reduced to 1 mm2 by an amplifier waveguide length of 4 cm
at the same time. A net gain of 2.3 dB was measured by a pump power of 10 mW.
However, this approach is mostly intended for use in fiber applications. Although the
concept presented might be applicable on optical backplanes too (see chapter 7.3),
the target wavelength is not suitable for optical backplane applications (850 nm vs.
1530 nm).
Polymer materials can show a thermo-optical (t-o) or electro-optical (e-o) effect.
This can be used for switching the light’s pathway in Y-splitters or -combiners [120].
The t-o effect coefficient is defined as the refractive index change caused by raising
the temperature by 1 K. The localized heat source is used to create this effect in an
appropriate material. These devices offer fully solid state switching without transfor-
mation of the optical signal into an electrical signal and back again. For further details
and explanations including sketches see the textbook of Mynbaev and Scheiner [24].
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Switches of e-o type have a speed advantage (up to 110 GHz switching speed [121]),
but require special materials with high e-o coefficients. The much slower t-o type
switches are much easier to control and to produce. Response time was reported to
be of the order of milliseconds. Examples were stated for Mach-Zehnder interferome-
ters, e.g. with a switching time below 1 ms and a power consumption per trigger-pulse
of 70 mW [67]. A precise temperature control and wavelength control is necessary,
however. Recently, t-o waveguide switches have been reported with an insertion loss
of 1.8 dB and a switching time of less then 7 ms [122]. An optical modulator, based on
a Mach-Zehnder structure and a PMMA-DR1 (e-o active material) optical microring
resonator, with a switching speed well above 1 GHz has been reported [123].
Other important devices are Array Waveguide Gratings (AWGs), which are used
in applications were multiple wavelengths from different waveguides are joined to one
waveguide and vice versa. These devices are also known as multiplexers (MUX) and
de-multiplexers (DMUX) [24]. Recently, Ma et al. [67] gave a brief overview on de-
vices based on passive and active polymer technology. Polymeric material in general
should show low birefringence. Furthermore, temperature independent AWGs based
on polymers are possible because their positive coefficient of thermal expansion can
be matched with their negative t-o effect. Here, the thermal expansion coefficient
is typically defined as the relative change in one physical dimension (e.g. x/y/z) by
raising the temperature by 1 K. Recently, an AWG device working with a penalty of
0.1 dB at a BER of 10−9 at 10 Gbps has been demonstrated [124].
In addition to switches, filters are also of interest. Wavelength tunable filters have
been realized. These devices are a kind of t-o switch; low birefringence of the material
and low crosstalk of the structure are key properties in this case. However, structures
with a material property of dn/dT = −3.1 ∗ 10−4 1/K resulting in a wavelength
resolution of -0.36 nm/K were reported. Finally, Variable Optical Attenuators
(VOA) have also been demonstrated. The purpose of such a device is to equalize
optical power in connection to MUX/DMUX structures and to control the gain of
amplifiers. Regarding non-polymer devices, power consumption is a big issue. Basing
on switching principles described above, these structures can be realized in polymers
with the help of t-o effect. Examples for low power consumption were given for, e.g.
an 8-channel VOA, 1.5 mW, 30 dB attenuation [67].

3.2 Signal in- and out-coupling elements

A brief overview shall be given regarding techniques for approaches for light coupling
structures. These optical elements are crucial to couple light in and out of planar
waveguides. Usually, low cost VCSEL and PIN will be used to transform electrical to
optical signals and vice versa. These components are usually surface mounted, which
implies that the light has to be turned about 90◦ to be coupled into and out of the
waveguide (see Fig. 3.1). One way to deflect the light into or out of the waveguide
plane is to use micro-mirrors with a tilting angle of 45◦, but there are other approaches
as well.
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Figure 3.1: Coupling of light in/out of waveguides. Principle.

The following eight approaches to create these functional structures, which involve
modification of the waveguide ends, could be found in the literature:

1. laser ablation [18, 107]

2. micro machining / high precision cutting technique by 90◦ V-shaped blade [83,
92]

3. reactive ion etching using masking [125]

4. reactive ion etching with tilted samples [126–128]

5. injection molding [105, 129]

6. replication techniques using glass mask and instant curing of waveguide material
to form micro prisms [130] including periscope model [131, 132]

7. collimation lens columns in connection to 45◦ tilted mirrors [114]

8. under-cut of waveguide ends using grey-scale photolithography [113, 115]

Additionally, two grating approaches have been reported in literature, where a mod-
ification of the waveguide end facet is not necessary (e.g., polish, chamfering):

1. diffraction / holographic gratings [81]

2. blazed gratings formed by incoherent optics [110]
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Furthermore, the following four device approaches, enabling low-loss coupling of light,
were found:

1. free-space optical coupling using backside mounting on PCB [26]

2. OptoPin approach [91] and butt-coupling approach [114]

3. Optical Slot [85] and micro lens array approach [114]

4. glued ball lenses on tilted mirror surfaces [114]

Kagami et al. [125] gave a short review on mirror forming techniques including a
discussion of their feasibility. Laser ablation and e-beam techniques were considered to
be highly time consuming, low-throughput approaches, and a high surface roughness
may result. Cutting techniques were considered applicable only in arrayed structures.
Finally, the feasibility of surface tension techniques, applying two polymers of different
surface tension, were discussed.
Recently, Karppinen et al. [114] compared three coupling methods with respect to
their optical loss caused by misalignment relatively to the optical axis. Methods
discussed in this paper were:

• butt-coupling scheme,

• stacked collimate micro lenses in connection to a 45◦ tilted waveguide end, and

• ball lenses glued on a tilted mirror surface.

The butt-coupling scheme is similar to the OptoPin approach explained further below
and shown in Fig. 3.9. In the case of the stacked collimate micro lenses array ap-
proach, the beam is focused through a lens-set on a 45◦ tilted waveguide end. For the
last coupling scheme listed above, ball lenses with a diameter of 250 μm were glued on
a tilted mirror surface. The mirror was made of polished glass and had an Aluminum
surface finish. All approaches evaluated are suitable for in- and out-coupling of light
to/from a waveguide.
The first and the last approach have the disadvantage that a hole has to be made
into the backplane, to enable sub-assembly mounting. Furthermore, smooth surfaces
have to be ensured for the waveguide ends to minimize coupling losses. The second
approach needs tilted waveguide ends, which can be produced by, e.g. the blade cut-
ting method described further below.
All three approaches were applied in SMT assembly. Misalignment tolerances were
measured from the transmitter side collecting the light on the other side of the waveg-
uide with a large core fiber. The minimum coupling loss under the condition of perfect
alignment was found to be 3 dB for the butt-coupling approach, whereas the micro
lens and micro ball lens approach both showed 7 dB. Misalignment in all three dimen-
sions relative to the position of the light-source were investigated as well, resulting in
the tolerance levels for 1 dB and 3 dB losses. In Table 3.2.1 the misplacement toler-
ance for the coupling methods are reproduced, at least for the 3 dB penalty level. The
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Table 3.2.1: Coupling loss for different light coupling approaches based on SMT technolo-
gies according to [114]. In the second column are presented loss values for per-
fect alignment of the coupling structures. An additional loss of 3 dB occurs
if the coupling structures are misaligned within the tolerances given in the
columns to the right.

Coupling Minimum Loss -3 dB loss tolerances (in μm)
method in (1 dB) Horizontal Vertical Optical axis

Butt-coupling 3 ±50 ±40 +120
Micro lens array 7 ±30 ±20 +120/-75
Micro ball lens 7 ±50 ±25 -75/+200

butt-coupling sub-assembly still seems to be the method of choice for light coupling,
due to the fact that the alignment tolerance for 6 dB coupling loss are rather large and
at the same time, the coupling loss is still lower compared to the other approaches.
Yoshimura et al. [92] produced 45◦ tilted mirrors on single and multimode waveg-

uides using a simple blade edge cutting technique. A blade with a cutting angle
of 90◦ and very smooth side walls cuts a V-groove in the waveguide structures as
shown in Fig. 3.2. The waveguide end facets act as micro-mirrors and bend the light
about 90◦. Without any further preparation, these mirrors showed optical loss values
of 0.1 dB for single-mode and 0.27 dB for multimode waveguides at 850 nm. Draw-
backs of the method are that the waveguide has to be flipped over and that single
in-/out-couplers are difficult to produce. This process seems to be ideal for buried
waveguide approaches with VCSEL/PIN arrays in connection to waveguide arrays or
ribbons, such as in the EOCB-concept [82]. Successful application of this technique
was demonstrated in [133].
Ishii et al. [94] demonstrated a similar and further developed technique, called Opto-
Bump. Key feature of this approach are two collimating lenses, created by UV-cured
polymer drops, whereby one of them is placed close to the VCSEL/PD and another
close to the TIR mirror on the board. These lenses help relaxing the coupling losses
due to the misalignment of the optical components. The VCSEL is mounted on a
carrier chip and covered by a transparent polymer to prevent back reflections from
the waveguide surface into the laser cavity. On the polymer’s surface is placed the
first collimating lens. The waveguide layer, e.g. a flexible foil, is sandwiched between
two PCBs. A 45◦ TIR mirror is created by a V-shaped 90◦ dicing saw. The PCB
is opened up at the places where the light shall be coupled into the waveguide and
a transparent polymer building block with a collimating lens is mounted there. The
pathway of light is illustrated in Fig. 3.3.
Due to the application of micro optical lenses (400 μm in diameter) in the system
and high precision micro solder bumps the misalignment tolerance could be relaxed
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to ±100 μm by creating a coupling loss of 1.5 dB at 850 nm wavelength and a core
cross-section of 50 μm x 50 μm. The minimum loss for perfect alignment was reported
to be 0.55 dB [94]. For better sketches see [134].

Kagami et al. [125] focused on surface technologies and individual positioning of
tilted mirrors created by reactive ion etching . An Aluminum layer was deposited
on top of the core layer of waveguides. This layer was patterned with holes of 10 μm
x 10 μm in size. These holes functioned as the etch mask during the applied RIE.
Parameters for the etch-chamber were chosen in such a way that anisotropic etching
occurred (see Fig. 3.4). A passivation layer was formed during the etch process at
the sidewall of the etched trench. If waveguide materials and substrate materials are
used with different CTE, local heating of the substrate can be used to close the edge
mask as shown in the report (CTE difference of two orders of magnitude). The sam-
ples were later annealed at approximately the glass transition temperature of the core
material. The etched trenches experienced a re-flow under these conditions. An op-
timum temperature range could be determined to form 45◦ tilted rectangular shaped
waveguide endings. An Aluminum layer was deposited afterwards to increase the re-
flection behavior. Optical loss was determined to be 0.1/0.3/0.7 dB at wavelengths of
650/850/1350 nm, respectively. Another approach was reported by Cook et al. [135].
On top of the core layer, a thick layer of photoresist was deposited (18 μm). Proxim-
ity exposure resulted in a 34◦ slope of the photoresist at the opening. The slope was
transformed by anisotropic RIE, resulting in a 45◦ slope at the core material. This
surface was later coated with a Cr-Au layer to improve the reflection behavior.
Liu et al. [127] has demonstrated micro-mirrors with the RIE approach too. The

application in this case was MCM intra-connect. The slanted end-facets were pro-
duced by tilting the samples about 45◦ in the etch chamber in connection with a
Faraday cage. The waveguides were masked with a metal layer. At the positions
suitable for the mirrors the layer was opened in an area of 50 μm x 50 μm. Precise
and direct loss values were not given. Koike et al. [126] applied this technique too.
Losses of ≤1.5 dB were reported for the mirrors. The RIE technique is applicable on
waver-level scale only due to limitations of large-are plasma etch chambers and the
flatness of large-area substrates.
An injection molding technique to form micro-mirrors was presented by Wiesmann
et al. [129] and Frese et al. [105]. Etch grooves were formed by anisotropic etching of
the (111)-plane of single crystal Silicon. On these masters Nickel was electroplated,
resulting in a shim for further embossing techniques. The Ni-shim was pressed into
the under-cladding polymer waveguide material, forming a tilted sidewall. A metal
deposition step was applied to increase its reflective behavior. Afterwards, waveguide
channels were formed by RIE processes [129]. The channels were filled with the core
material before upper cladding material was applied. Wiesmann et al. [129] reported
losses for the mirror structure of about 1 dB at 1300 nm. Frese et al. [105] optimized
this technology and minimized the losses during in-/out-coupling under the influence
of misalignment of VCSELs and PINs. The structure contains a buried deflection mir-
ror and a cylindrical collimation lens. A top plate contains an additional collimation
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(a) Cutting of a 45◦ slope at the end of the
waveguide, using a V-blade with 90◦ slope.

(b) Result. Substrate has to be flipped over
to perform in-/out-coupling. The vertical ar-
row represents the direction of the incident light
beam and the horizontal arrow the direction of
the deflected and in-coupled beam.

Figure 3.2: Blade cutting technique to form 45◦ tilted mirrors. For further information see
text and [92].
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Micro lens

�

�

Waveguide system�

Figure 3.3: The OptoBump system according to [134]. The light from the VCSEL is first
to be focused on the upper and the lower lens, and then turned at the tilted
waveguide end by 90◦ through TIR to finally enter the optical waveguide,
composed of cladding and core layers.

��
�

RIE - Plasma

Tilted sample inside
the plasma chamber

Mask�

Polymer�

�Substrate

�

�

Sample after etch and
photoresist removal

Figure 3.4: Forming of coupling mirrors by Reactive Ion Etching techniques. For further
information see text and [127].

32



3.2 Signal in- and out-coupling elements

Deflection Prism

�

Collimating Lens

�

Cylindrical
Collimating Lens

�

Waveguide Core

�

Cladding

�

Figure 3.5: Injection molding technique for micro-mirror creation. The spherical lens on
top focuses the incident beam in the prism. The prism itself deflects the light
beam about 90◦. Finally, the cylindrical lens focuses the light into the waveg-
uide. For further information see text and [105].

lens (see Fig. 3.5). The lenses are used for focusing the beam. Molding technologies
created the buried structures, whereas the shim was produced by the LIGA technol-
ogy [2]. Displacement versus loss simulations were performed, investigating a lateral
misalignment of a 400 μm2 photo detector relative to a multimode waveguide with
250 μm x 250 μm. It was shown that at ±250 μm misalignment the signal would drop
about 3 dB. Experimentally, these results were confirmed by applying polymers for
cladding and core materials (Δn =0.032) and lenses with f =5 mm and f =10 mm
respectively (see Fig. 3.5). Simulations and experiments showed good agreement by
displacement about ±500 μm, resulting in a loss value of 3 dB.
Choi et al. [104] reported on a soft molding approach, using PDMS master to cre-
ate the waveguide structures including the micro-mirrors. Coupling losses originating
form the 45◦ micro-mirrors were not reported so far. A replication approach using
the UV-curing property of ORMOCER R© was presented by Dannberg et al. [130]. Mi-
cro prisms were produced but were unfortunately not characterised regarding optical
quality. A photo mask with relief was pressed into the liquid ORMOCER R© layer and
immediately exposed using a Karl Suss MA6 BA6 mask aligner. Fig. 3.6 visualizes
this idea once more. The periscope approach by Robertsson [131, 132] is based on
this idea. Repetitive molding and surface finishing by metal deposition is used to
build up periscope-like structures on VCSELs or PINs. These optical components
can be easily mounted onto waveguide bearing boards. Even optical vias, opening
the possibilities towards true 3d interconnect of planar waveguides are possible using
this approach (see Fig. 3.7). In this way both optical interconnects in the x-y plane
and even in the z-direction would be possible between several waveguide layers on the
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(a) Substrate with liqud photo curable poly-
mer on top. Relief glass mask above.

(b) Joint substrate and glass mask. UV-
light is applied to cure polymer material in-
stantously. Thus, the mask’s relief structure
is transfered into the polymer surface.

(c) Remaining structure on the substrate af-
ter mask separation.

Figure 3.6: Replication techniques, relief mask and mask aligner Karl Suss MA6. For
further information see text and [130].

PCB. Additionally, the alignment tolerance of the periscope can be enhanced by cre-
ating curved mirror instead of planar mirror surfaces, thus reflecting a focused beam.
Chang et al. [110] reported on a blazed polymer grating approach. The grating was

produced by incoherent illumination. The grooves showed a height of 2 μm by 250
lines/mm and a tilting angle of 36◦. The structure can be illuminated at a perpen-
dicular angle and will bend the light about 90◦ and couple it into the waveguide. The
process is currently adapted for low-multimode and single mode waveguides. Loss
values have not been reported so far [110]. Kirk et al. [136] proposed an optical via,
connecting two waveguides on different layers on an optical backplane, by applying
two such blazed grating structures on top of each other. An advantage of this ap-
proach is that the alignment problem is relaxed, due to the fact that the gratings are
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3.2 Signal in- and out-coupling elements

produced by photolithography, which reduces misalignment usually below the 10 μm
mark (see section 6.2 for more information on large-area processing). In Fig. 3.8 a
blazed grating including the optical-via approach is shown.
Immonen et al. [113] demonstrated and characterized the optical loss of under-cut

TIR mirrors (see [115] for better photographs of the tilted waveguide ends), produced
by grey-scale photolithography [137]. A negative type photoresist was applied in this
case. This resist reacts and cross-links during the exposure to light. A grey tone
mask therefore let the polymer react partly from the surface down to the bottom of
the waveguide end and therefore an undercut mirror can be created, well suited for
optical coupling methods.
However, in case of Immonen et al. [113] SU-8-50 (Microchem Corporation) was used
as waveguide core material. The optical loss of the under cut mirrors was measured to
be 1.5 to 1.7 dB at 850 nm. A drawback of this method is, that no metal layer can be
applied on the tilted surface directly to enhance the reflectivity of the mirror. How-
ever, due to a large step in refractive index between the polymer waveguide core and
the surrounding air the condition for the TIR should hold, giving sufficient coupling
efficiency. On real backplanes the waveguide system is composed of under cladding,
core and upper cladding layer. During processing it may not be possible to prevent
liquid upper cladding material from penetrating under the under-cut mirror. Thus,
a boundary with a transition from a high refractive index region, e.g. n1 =1.55 (core
layer), towards a slightly lower refractive index region, e.g. n2=1.54 (cladding layer),
is formed. The condition for TIR cannot be established for this step in refractive
index and an angle of 45◦ (actually, about 83◦ would be necessary). A solution for
this would be to prevent the penetration of cladding material by

• applying a negative/positive resist as cladding and making sure that the mirror
area is not/is definitely exposed, and

• creation of a protective wall with photoresist, e.g. core material, around the
mirror area so that cladding material cannot penetrate under the mirror during
the coating process.

This coupling method could be enhanced by application of lens systems, e.g. formed
by photolithography, to minimize coupling losses due to misalignment of the optical
components.
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Substrate

�

�
�

�
Under-
cladding

�
Core I

� Intermediate-
cladding

�
Core II

� Upper-
cladding


Solder
bump

 “Periscope”

Figure 3.7: Principle structure of optical via / micro periscope. For further information
see text and [131, 132].

Substrate. . ............................................................................
. . ............................................................................
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Cladding layers

�

Blazed Gratings

�

Core layer

�

�

� Pathway of light

Figure 3.8: Blazed grating apporach, suitable for optical vias in 3d optical interconnects
on backplanes.
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3.3 Other approaches

The OptoPin technique presented within the EOCB project [91] uses PIN and
VCSEL devices on daughter boards mounted to couple light in and out of buried
waveguides. A penetrating cavity in the optical backplane is opened and these daugh-
ter boards are mounted perpendicular to the main board. As described above, a sim-
ilar structure was evaluated by Karppinen et al. [114] regarding coupling losses and
misalignment tolerances.

Another approach was presented by Berger et al. [26]. Here, a cavity in the optical
backplane was opened from the backside and a 45◦ mirror was introduced. The mirror
was used to ensure the 90◦ beam deflection between the buried waveguide and the
VCSEL/PIN. Fig. 3.9 and 3.10 visualize these approaches. Yoon et al. [85] presented
a concept called Optical Slot or “Optical Plug” (see Fig. 3.11). Light is coupled
from the multimode waveguides on a metal optical bench (mounted on the PCB and
containing the VCSEL/PD electronics) to a multimode fiber array. The fiber array
points at a 45◦ micro-mirror. On top of them an array of micro lenses is mounted
which focus the beam onto the polymer waveguide in the optical backplane. Position-
ing screws allow an alignment in x/y/z directions with ±2 μm tolerance. The optical
coupling loss was measured to be 7 dB as reported earlier [101], which was reduced
to 2 dB recently [87].

Figure 3.9: OptoPin. PCB with burried waveguides is opened. VCSEL, mounted on top
of a daughter board, is mounted in such a way, that direct coupling to the
waveguide is guaranteed. For further information see text and [91].
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Figure 3.10: Backside mounted mirror. A cavity is opened in a PCB with burried waveg-
uides. From the backside of the board a mirror structure is introduced. A
VCSEL is mounted from the frontside. The mirror serves the 90◦ beam de-
flection from VCSEL (vertical beam path) to waveguide (horizontal beam
path). For further information see text and [26].

Adaptor
�

Burried
Waveguide

�

Optical backplane

�

Optical Slot

�

Processing board
�

Multimode Fiber�

Lens System

� Mounting Screws�

Turning Mirror�

Figure 3.11: Optical slot approach [87, 101]. Multimode waveguides are attached to a
metal optical bench. The daughter boards are mounted perpendicular to the
optical backplane.
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Kim et al. [80] used diffraction gratings in combination with micro lenses on top of
VCSEL/PIN to couple light into/out of a glass plate. Fig. 2.4 shows a sketch of the
beam path in this approach.

3.4 Functional Structures — Summary

In summary, there are many alternatives to produce structures to couple light from
the source into a waveguide and back to a detector. Tilted mirrors on waveguide end
facets can be formed by RIE techniques, blade cutting techniques, embossing tech-
niques or gray scale photolithography. On the other hand, laser ablation techniques
seem to be too expensive and time consuming to be realized on optical backplanes.
Some approaches like RIE techniques or embossing approaches are only viable for
wafer-level interconnects because of equipment limitations for large-area applications.
Others like the OptoPin approach, blade approach, backside mounting of micro-
mirrors, the blazed grating approach, and the periscope approach also seem to be
feasible for optical backplanes. The approach chosen depends on where the waveg-
uides are placed; buried or on top.

The molding approach presented by Frese et al. [105] seems to be a very good choice
for industry because of the large misalignment tolerance. This would allow a fast and
inexpensive pick-and-place process for VCSEL and PIN devices. Molding techniques
may not be applicable directly on a large-area panel. The idea of horizontal and
vertical beam alignment through lens systems can be realized through forming of ball
lenses by surface tension effects [138] and forming of cylinder segments acting as col-
limation lenses by photolithography.
Furthermore, these lens forming techniques could be applied for the approach of under
cut mirrors [113] also, thus a significant relaxation of the alignment problem in SMT
processing may be achieved.
Additionally, the concept of the OptoBump is promising too, whereby the alignment
of the waveguide layer to the transparent building block has to be relaxed further. So
far, misalignment tolerances for the VCSEL of ±100 μm by a coupling loss of 1.5 dB,
have been reported.
Finally, in Table 3.4.1, a short summary of micro-mirror techniques and correspond-
ing loss values found in the literature is given.
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Table 3.4.1: Optical losses of coupling structures for light coupling into or out of planar
waveguides (MM - multimode, SM - single-mode, HM - horizontal misalign-
ment, VM - vertical misalignment). Loss above 3 dB by a misalignment of
the optical components of more then 50 μm, were regarded as not suitable for
practical use on optical backplane systems.

Technique Coupling Loss in (1 dB) Reference Remark

Reactive Ion Etching 0.1 (λ=650 nm) [125] b
0.3 (λ=850 nm) [125] b
0.7 (λ=1350 nm) [125] b

Laser ablation (moving
aperture)

0.3 [139] a

90◦ V-blade cutting 0.1 (SM) [92] a,b
0.27 (MM) [92] a

Grey-scale
photolithography

1.5 . . . 1.7 (λ=850 nm) [113] a

Injection molding 3 (±250 μm misalignment) [105] a

Micro-mirrors enhanced 1 (±50 μm misalignment) [43, 134] a
by micro lenses 8 (±20 μm HM, ± 15μm VM) [114] c

Butt-coupling 6 (±50 μm HM, ±40 μm VM) [114] c

Micro-mirrors enhanced
by ball lenses

8 (±40 μm HM, ±20 μm VM) [114] c

a acceptable for optical backplanes
b suitable for wafer-level scale only
c not suitable for optical backplanes, see section 7.1
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4.1 Materials

In addition to solving the light coupling and signal routing aspects of optical inter-
connects, materials choice is crucial to achieving the desired performance. Important
material properties, which should be considered, are: low optical loss, low birefrin-
gence, low dispersion, and mechanical and thermal stability.
The report of Ma et al. [67] gives a good overview of available material systems, their
properties and processing. The report covers

1. conventional optical polymers such as poly-methylmethacrylate (PMMA), poly-
styrene, polycarbonate, polyurethane, epoxy-materials and

2. novel optical polymers such as dendrimer systems in fluorinated state, polyacry-
lates (deuterated and halogenated), fluorinated polyimides, PFCB aryl ether
polymers, BCB, Cytop R©, Teflon R©AF, silicone, fluorinated poly(arylene ether
sulfide), poly(pentafluorostyrene), and fluorinated hyper branched polymers as
well as

3. non-linear optical polymers were evaluated. Electro-optically active and ampli-
fying materials are also covered.

Advantages and disadvantages with regards to optical properties and processabibilty
are illuminated in their report.
Pitois [140] in her thesis gives an overview about available materials for optical
waveguides. Optical and thermal properties of the following materials are presented:
PMMA, acrylates in fluorinated and deuterated state, polyimides in fluorinated and
halogenated state, acrylates and polysiloxanes (silicone resins).
Zhou [141] reviews polymer material classes useful for optical interconnects such as:
polyimides, acrylic polymers, polyethers and poly(ether ketone)s, PFCB, polycyano-
rates, polysiloxanes (silicone resins), and commercially available polymers as Cytop R©

and Teflon R©AF. The main focus in this work is on the basic chemistry, process param-
eters in material application, transmission behavior at 1550 nm, and birefringence.
A brief introduction and review of different passive and active polymers is also given.
Eldada [64] presents an overview on polymer and non-polymer materials (semiconduc-
tor, sol-gel, material grown by CVD processes) suitable for use in integrated optics.
Polymer materials such as acrylates, polyimides, benzocyclobutenes, arylene ether
sulfides, polysiloxanes and commercially available non-specified materials (OASIC,
IGP) are listed. Key parameters and properties for the materials are presented, such
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4 Materials for Optical Interconnects

as optical loss at 800/1300/1550 nm, patterning techniques (photo-patterning, RIE
processes), and birefringence behaviour.
In addition to the review articles [64, 67, 141] and the thesis [140] mentioned above
some recent updates on recently developed materials will be given in this section. A
summary is presented in Table 4.1.1.
A very promising material class/category is the ORMOCER R© from the FhG-ISC
[19, 142]. As mentioned in the literature [67, 140, 141], replacing -CH- groups with
-CF- or -CCl- can reduce optical absorption losses in the tele- and datacom trans-
mission windows. Another method of achieving the same result would be to reduce
the -CH- content in the material by introduction of or exchange with silicone-groups.
Optical losses of ORMOCER R© materials, which were tailored in this way, were mea-
sured to be 0.2–0.3 dB/cm at 1320 nm and 0.5–0.6 dB/cm at 1550 nm. The material
was not fluorinated in this case. Furthermore, this material can be used as dielectric
layer in high-frequency electronics packaging (see paper I) and is stable up to a tem-
perature of 543 K.
Ballato et al. [143] discussed the optical loss mechanisms in polymer materials. A
lowering of the attenuation values can be obtained through lowering Tg, by exchang-
ing every -CH with a -CF bond, and lowering of the overall refractive index, with
the drawback of a lowering of the thermo-mechanical stability of the material at the
same time. Furthermore it was pointed out that a chemical, mechanical, and thermal
compatibility between core and cladding material is necessary for a successful creation
of low loss optical waveguides, and therefore essential for acceptance for practical use.
Some important characteristics of these materials are: in general halogenated and/or
deuterated acrylates show very low losses around 840 nm ( [0.01;0.03] dB/cm) and
1310 nm ( [0.06;0.2] dB/cm). In contrast to this, the loss at 1550 nm can be
rather high with values of [0.25;1.7] dB/cm. Commercially available materials such
as TruemodeTM (“highly cross linked multifunctional acrylate”) [84, 99, 100] and
OASIC [67] are reaching these values too, but their chemistry was not specified.
The optical loss for deuterated polysiloxanes were reported to be 0.17 dB/cm at
1300 nm [67]. However, it has to be pointed out that the use of deuterated and
fluorinated/halogenated materials is doubtful, because

• Deuterium is extremely expensive.

• Chemical synthesises involving Fluorine is expensive; additionally, using this
element in organic synthesis will raise questions on environmental impact.

• Organic synthesis involving Halogens will raise questions on environmental im-
pact.

The majority of loss values are in the order of magnitude of 0.01 dB/cm for the 840
nm region and 0.1 dB/cm for the 1310 and 1550 nm region. Of curse, exceptional
values crossing the border to lower and higher values can be found as shown in Table
4.1.1.
Many of the materials are optimized to give good transmission in the wavelength
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domain of λ =1310/1550 nm (traditional wavelength bands for fiber optical intercon-
nects).A large amount of optical loss measurement data is available here. Contrary to
this, optical backplane applications are focusing on the wavelengths around 840 nm,
because less expensive VCSELs and PDs are available. Furthermore, optical losses
tend to be lower around 840 nm compared to 1310/1550 nm and enabling therefore
a relaxation of the power budget limitations of an optical link. Unfortunately, the
amount of optical loss data available for polymer materials in the 840 nm domain is
limited.
Different opinions exist on the acceptance level for optical loss. Hartman et al. [51]
stated that losses below 0.2 dB/cm are sufficient for application on optical backplanes,
whereas Berger et al. [26] stated that 0.1 dB/cm is acceptable and Uhlig and Roberts-
son [144] concluded that loss values should be below 0.04 dB/cm (see even paper III).
The question of acceptance of loss values is strongly connected to the link length and
the optical power budget available, as outlined in section 7.3.1 and discussed in detail
in paper III. Firstly, the power budget available has to be calculated including all loss
factors caused by structures such as light couplers. Secondly, the length of the longest
link has to be defined, and thirdly, a material with an acceptable loss factor can be
chosen. For on-chip applications the situation is a bit more relaxed and materials
with higher losses might be applicable (e.g., <0.8 dB/cm), due to the fact that link
lengths are usually below 10 cm. On optical backplanes the situation is more critical,
due to the fact that link lengths can easily reach 1 m. Here, an optical loss of <0.08
dB/cm may be necessary for a point-to-point link, if a total coupling loss of 6 dB was
assumed (summary for in-/out-coupling of light).

An overview of optical loss values for polymer materials and the material pattern-
ing techniques is given in Table 4.1.1. The patterning technique “photoexposure”
refers to a standard photolithographic process, which can be applied for large-area
processing too. RIE refers to reactive ion etch which is mostly applicable for wafer
scale processes due to equipment limitations. Laser ablation is not listed since nearly
all materials can be laser ablated. A detailed description of patterning techniques is
presented in section 4.2.3.

Fig. 4.1, 4.2, and 4.3 visualizes plots of optical loss versus material class regarding
the wavelengths λ ={830;1310;1550} nm.

Besides the optical properties, the most important technical question for the manu-
facturer and customer is the maximal applicable process temperature. Low-cost sub-
strate materials such as common FR4 a have rather low maximal process temperature.
These are usually in the range of T =[423;523] K. High performance materials exist
(i.e. Taconics RF-35), which have higher process temperatures (Tg ≥588 K), allowing
different process cycles during PCB manufacturing. For certain component mounting
steps, such as solder bump mounting of components, production process tempera-
tures up to T =573 K can be required. Regarding the listed polymer/polymer–like
materials in this section, some temperature process guidelines are summarized in Ta-
ble 4.1.2. The so-called glass transition temperature Tg is important in this context,
where amorphous materials soften depending on their degree of cross-linking [145].
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Above this temperature the mechanical properties, such as Young’s modulus and vis-
cosity, will often change dramatically, which has an influence on the form stability
of the material. Furthermore, harsh temperature cycling around the glass transition
temperature during processing can induce mechanical stress in waveguides, which
leads to birefringence or even scattering losses due to (micro-)cracks in the waveguide
material.
Another important factor in this case would be the decomposition temperature. Most
of the materials listed in Table 4.1.2 can withstand PCB process temperatures (re-flow
processes temperature ≥473 K for short times [2]), whereas other substrate materials
can have even higher process or operating temperatures. Here, it must be ensured,
that critical properties of the waveguide material do not degrade during processing
or operation.

Acrylate-like polymers usually show very low temperature stability, even if new
approaches with multifunctional acryl co-polymers have shifted the frontier for glass
transition to Tg =383 K [146] respectively Tg =[443;453] K [84, 98] and decomposition
temperature to T =573 K [146] respectively T ≥603 K [84, 98]. All other materials,
that have been found in the open literature, have a Tg ≥475 K. Decomposition tem-
peratures were usually reported to be beyond Tg ≥523 K. For some materials only
the process temperatures are given, e.g. the baking temperatures during test-object
creation. These values give at least a hint as to the temperatures these materials can
withstand.
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4.2 Materials processing

4.2.1 Guidelines

Back in 1989 were proposed some guidelines for the manufacturing of optical back-
planes which partly are still up to date, such as [51]:

1. The waveguide forming process shall be regarded as an add-on step to estab-
lished PCB production. This implies temperature stability for the materials at
least for short times over T ≥ 473 K.

2. The formation process must be high-speed compatible, to hold production costs
down.

3. The costs for the devices for in- and out-coupling of light should be held as low
as possible. Thus, pick-and-place compatible approaches are favourable over
time consuming alignment of single components by hand.

4. Back then, loss values of 0.2 dB/cm at λ =830 nm seem reasonable. Loss values
below 0.5 dB/cm are regarded as acceptable [51].

The first point of the list can be accepted easily, because it ensures quick access to
a well-established machinery park, which can be used without larger modifications.
Point number two is doubtful, due to the fact that no obvious mass-market is visible
today. Niche-markets with high-end applications only exist today. Furthermore, the
light coupling devices and effort to couple light has to be minimized, which minimizes
the costs in this point as well. Finally, the question on choice of material for optical
interconnects is strongly dependent on the optical power budget available and the
length of the optical link. This issue will be discussed briefly in section 7.1 and in
detail in paper III.
Besides this report, Schröder et al. [89] added some points to the list, by focusing
more on the optical properties of the waveguide material. Basic requirements on a
waveguide material are: Low birefringence, exactly tunable refractive index, stable
under thermal and humidity changes. Furthermore a good adhesion to other materials
in SBU processing, such as, metals and polymers, is required.
The formation of a high quality waveguide depends on the dimension and the shape
of the cross-section, which must be defined precisely. Here, a low surface roughness
on the interface core-cladding is crucial for low-loss waveguides [47, 89]. Defects that
introduce further attenuation in the waveguide are [89]:

• absorption due to impurities (caused by particles)

• Rayleigh-scattering (caused by particles)

• absorption due to absorption bands of the material

• interface roughness
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4.2 Materials processing

• impurities/bubbles

• inhomogeneous curing

• tilted end face

Research on polymer fiber optic materials was focused on fundamental aspects of
optical loss reduction in in polymer materials. As main factors contributing to the
high optical loss were listed [181]:

• C-H bond overtones,

• electron transitions, and

• structural imperfection.

Thus, research was focused on to exchange the C-H bonds by C-D or C-F bonds.
The list of factors responsible for optical loss in polymer materials was extended with
[182]:

• absorption due to transition metals and organic contaminants

• introducing scattering due to dust, microvoids, inhomogeneity of the core ma-
terial

The former two lists (see even references [181, 182]) show that the optical loss in poly-
mer materials can be suppressed to a minimum. However, this is dependent on the
basic chemistry of the material itself (elements, chemical bonds, stereo chemistry).

The lists above indicate that the choice of the right material is crucial for a low opti-
cal loss in the waveguide. Furthermore, handling and processing of the materials have
to be performed with care, to minimize excess optical loss due to in homogeneities in
the core layer [115].

Optical waveguide processing is not an ad hoc task. Trained personnel and appro-
priate high-precision equipment for structuring are necessary. Furthermore, a clean-
room facility may be necessary during certain process steps to prevent the waveguide
from exposure to dust.
In the following sections will be given an overview on processing of optical wave-
guides. Deposition methods for the core- and cladding layers will be discussed, as
well as methods for waveguide structure creation.

4.2.2 Deposition methods

Common methods for deposition of liquid polymer materials in electronics industry
are:

• spin coating [2]

• curtain coating [183]
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• meniscus coating [2, 184, 185]

• dip coating [2]

• spray coating

• Doctor Blading

Spin coating is a standard method of liquid film deposition in integrated circuit
(IC) production. A drop of liquid will be dispensed on the centre of a substrate. The
rotation of the substrate results in centrifugal forces that will lead to a spread out
of the drop over the whole surface thus generating a smooth film. In that manner
uniform films in thickness of 2 to 20 μm [2] up to 30 μm (own experience) can be
created easily.
A drawback of this method is the large amount of excess liquid needed to achieve the
desired uniform coverage. This became evident during the large-area panel project,
which is explained briefly in chapter 6 and in more detail in paper II. A quadratic
FR4 panel (610 mm x 610 mm) had to be coated by a polymer film of up to 15 μm
in thickness. To calculate the minimum amount necessary to coat the whole surface,
the quadratic panel will be inscribed into a circle, whereby the diagonal of the square
gives the diameter of the circle (see Fig. 4.4). Afterwards the volume of the polymer
film can be calculated according to:

V = h ∗ A (4.1)

A =
π

4
d2

d =
√

2 ∗ 0.61 m

h = 1.5 ∗ 10−5 m

↪→ V = 8.77 ∗ 10−6m3

V = 8.77 ∗ 10−3 l

↪→ V = 8.77 ml.

V is the volume of the film on the substrate (initially, in m3), d represents the diam-
eter of the out-scribed circle of the square in m, h is the height of the film.
Theoretically, 8.77 ml liquid polymer is necessary to create a smooth film over the
whole surface of the substrate, but in practice 80 ml were needed to achieve this.
Comparing these two numbers shows that nearly 90% of the required liquid will go
directly into the drain. The excess amount cannot be suppressed as confirmed during
several spin coating cycles from similar projects. The recovery of disposed material
might be possible, but usually requires a re-design of the spin-coating equipment,
additional filter steps to purify the material, and time because of large areas of the
equipment housing are covered by a thin layer of disposed material.
There are more cost effective alternatives to spin coating, such as, meniscus coating,

curtain coating or dip coating [2].
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�
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d

� �610 mm
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610 mm

Figure 4.4: Square, circle, and some distances for calculation of theoretical needed amount
of liquid to cover the Large Area Panel (LAP).

Meniscus coating is a technique where the substrate is drawn up side down over a
tube in horizontal direction. On top of the tube are small holes, through which the
liquid polymer is pumped. Unfortunately, there are no calculations or estimations
available in the literature about the amount of material necessary to start up the
process.
According to sketches of experimental set-ups, relatively large amounts of solutions
must be applied to start up the process and keep it running. Furthermore, it is re-
ported that the excess amount of material needed is low during roll-to-roll processing
[184–186]. Therefore, this method is regarded as highly applicable in industry.
The curtain coating technique refers to a method where a curtain of a liquid poly-
mer is formed and the substrate is drawn with a defined speed trough that curtain.
Drawing speed and viscosity of the liquid determine the thickness of the film on the
substrate in both cases. An excess amount of liquid between 1 and 10 liters is nec-
essary to keep the process up and running [187]. Finally, dip coating refers to a
simple dip technique, where the substrate is vertically removed after immersion in the
liquid. The viscosity of the liquid and withdrawing speed of the samples determines
the thickness of the film on the substrate.
Another alternative to the methods for film deposition presented is Doctor Blad-
ing . A certain amount of liquid is poured on the substrate. A blade is then drawn
a prescribed distance over the surface creating a defined film thickness. It has to be
pointed out, that only a minimum of excess amount of liquid is necessary to start up
the process.
Spin coating is the method of choice for wafer-scale processes, whereas all other meth-
ods are well suited for large-area and roll-to-roll processing.
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4.2.3 Patterning techniques

The following techniques can be applied to create waveguide patterns:

• Silicon-bench technology & large-area processing:

– Photolithography [18, 19, 154, 188, 189]
– Direct Laser Writing [63, 98, 128, 146, 172, 190]
– (Hot) Embossing [89, 91, 184]
– Pressure Dispense of waveguides [191]

• Silicon-bench technology only:

– Reactive Ion Etching (RIE) [163, 164, 166, 170, 176]
– Reactive Ion Beam Etching [156]

A detailed description of these methods will be given below.
Ma et al. [67] also mentioned electron beam writing and photo bleaching (shifting
of absorption bands) as suitable patterning methods. Additionally, a comparison of
high frequency reactive ion etching and inductive coupled plasma reactive ion etching
(ICP-RIE) was done. They concluded that the ICP-RIE method leads to lower surface
roughness. These techniques will not be discussed further because of these are applied
on wafer-level-scale only an therefore minor important to the PCB industry [67].

4.2.3.1 Photolithography

A detailed introduction to photolithography is given in [189]. A photolithographic
mask is used to cast a shadow on parts of the substrate during illuminating with a
light source from above (see Fig. 4.5). Photo-active polymers can act as positive or
negative photoresists by exposure light. In case of the positive type resist, chemical
bonds in the material will be broken down during exposure. Afterwards, a solvent
will be used to wash away these areas, whereas the unexposed areas remain on the
substrate. Contrary, in negative type resist cross-linking of polymer structures occurs
by illumination with light. Here, the unexposed areas can be washed away, using a
solvent.
The process is usually as follows:

• deposition of the polymer film

• evaporation of solvent during a prebake step

• exposure

• wet-etch of the exposed/unexposed areas using solvent

• post bake

• hard bake for final cross-linking of the material
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Figure 4.5: Photolithography for positive and negative type photoresist. Principle.

The structure resolution depends mostly on diffraction frontiers for the applied
light and quality (resolution) of the photolithographic mask. Pattern size is limited
by available exposure equipment. In research institutes, mask aligners, which can
handle wafers of 4-inch (101.6 mm) up to 6-inch (152.4 mm) are common nowadays.
Instead, the semiconductor industry is handling up to 12-inch wafers (304.8 mm) to-
day, creating high precision patterns at 90 nm line width [5, 6]. Processing speed is
rather high. Usually a couple of minutes for alignment and a couple of seconds to
minutes for exposure are necessary [189].
The described mask sizes are not suitable for real backplanes that are 609.6 mm x
609.6 mm. An approach to circumvent this bottleneck is to use a large-area exposure
tool [70, 192].
In section 6.2 and paper II a procedure for stepping out 101.6 mm x 101.6 mm mask
patterns on a 609.6 mm x 609.6 mm substrates is presented. With this technique it
is possible to form continuous patterns over the whole area. In this special case the
process time increases rapidly by shrinking mask size because of the repeated time
consuming alignment of the small masks to the large-area panel.
The authors Houbertz et al. [19] (FhG-ISC, Germany), Streppel et al. [188] (Fraun-
hofer Gesellschaft, FhG-IOF, Jena, Germany), and Robertsson et al. [18] (Erics-
son/Acreo, Sweden) mainly did process development work and characterization of
the ORMOCER R©. The material acts as a negative type photoresist. It is recom-
mended that exposure should be performed in a Nitrogen atmosphere. Air or Oxygen
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Figure 4.6: Direct Laser writing. The laser stands still and the board, which is coupled to
a computer and CAD system, moves underneath. For further information see
text and [128].

containing atmosphere will create an inhibiting layer, which can reduce the final film
thickness significantly. Houbertz et al. [19] summarized the main properties of the
material and gave important process parameters. Streppel et al. [188] observed a
broadening of the core structures during exposure trials for the 4-layer-waveguide-
structure. This was due to back-reflection from the substrate as the layer thickness
was increased. The effect could be minimized by an optical buffer layer, averting the
optical back reflection from the substrate. Robertsson et al. [18] worked with earlier
developments of the material. Single mode waveguides were produced with straight
sidewalls. Multimode waveguides showed slightly inward curved sidewalls.
Kang et al. [154] used a polyimide-like material. In this case the material undergoes a
refractive index change during exposure. This property is used to form the waveguide.
The advantage of this method is that no wet-etch and development step is necessary.
Furthermore, an extra planarization layer will not be needed for multiple layers of
waveguides.

4.2.3.2 Direct Laser Writing

The substrate is mounted on an x-y-z movable stage. A stationary laser is placed per-
pendicular to the stage and focused on the substrate surface. The stage is connected
to a computer with an integrated CAD system for direct waveguide mask transfer
(see Fig. 4.6).
Chen et al. [128] described their approach of direct laser writing. The x-y position-

ing resolution was reported to be 0.5 μm. In the z-direction a resolution of 0.01 μm
could be achieved. The scan speed of the stage was reported to be v ≤1 cm/s. Using
a laser source working at λ =325/442 nm, a multimode waveguide with a width of
50 μm could be created. The polyimide waveguides created showed an optical loss of
0.21 dB/cm at λ = 850 nm. All other reports mentioned [63, 98, 146, 172, 190] do not
give any further information concerning the operating conditions and quality of the
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waveguides produced with this method. Assuming a tentative waveguide pattern, 10
m in length, and the scan speed given above, the processing time can be calculated to
1000 s or roughly 17 min. These values might be slightly higher in practice, due to re-
positioning of the state during exposure, because discontinuous waveguide patterns
are likely on realistic optical backplanes. Thus, the processing-time for single and
simple waveguide patterns is quite long, and increases very fast if complex patterns
are necessary.

4.2.3.3 Pressure dispense of waveguides

The methods presented so far have one disadvantage: for the formation of the waveg-
uide layer full coverage of the substrate is necessary. Usually, only a part of the surface
is used for the core section of the optical waveguides. During patterning often more
than 50 % of the core-material layer will be removed. In addition, materials of optical
quality are expensive. Cladding and/or components occupy the rest of the area.
A direct dispense method has been proposed by Keyworth et al. [191]. The substrate
chuck is connected to a control unit, which allows computer or manual guided trans-
lation with sub-micrometer precision (see Fig. 4.7). A syringe dispenses the polymer
with an applied pressures of 5 to 20 psi at a writing speed of 1.0 to 1.5 mm/s. The
waveguide structures are immediately cured by a mercury lamp, which is positioned
over the table.
The surface tension and viscosity of the polymer in liquid state define the cross section
of the waveguide. Multimode waveguides 50 μm wide were successfully generated.
The advantage of this method is the possibility to freely position the syringe any-
where on the board. A mask layout can be transferred quickly and easily without
high costs. A drawback of this method is clearly the ill defined sidewall formation
of the waveguides. A rough calculation of processing speed of waveguide pattern, 10
m in length, shows that a process time of at least 10000 s or around 2 h 45 min is
necessary to achieve this. The method seems to be suitable when single waveguides
are necessary, but unsuitable for complex waveguide patterns.

4.2.3.4 (Hot) Embossing

This method has been a long-term topic at the FhG-IZM (Berlin, Germany). A brief
introduction and process description was given by Krabe et al. [91]. Basically, a metal
shim with ridges is pressed at an elevated temperature into a foil, which will later be
the under cladding layer. Afterwards, shim and foil will be carefully separated. The
remaining grooves formed by the ridges are filled with the core material by the doctor
blade method. On top of these layers the upper cladding will be attached. Finally
the whole structure, so called opto foil, will be included in the PCB by a lamination
process (see Fig. 2.7 on page 19).
The electroformed Nickel shim is produced by deep-UV lithography. The surface
roughness of the grooves have been measured to be RMS ≤ 10 nm [89, 90]. The
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Figure 4.7: Pressure dispense of a waveguide. Dispenser and mercury lamp are mounted
fixed over the table. The substrate chuck, connected to a CAD system, moves
underneath. The board has moved in negative x-direction. For further infor-
mation see text and [191].

disadvantage of the method is the limitation to a shim size of 100 mm (year 2001,
[89]). Other authors, like Yoon et al. [85], applied Si-shims, produced by deep RIE
processes, as masters for the embossing. Waveguides with a cross-section of 60 μm
x 100 μm, by sidewall and surface roughness of the bottom area of 10 nm and 2 nm
respectively, were achieved.
Neyer et al. [103] reported on an embossing approach, with work in progress to scale-up
the process to board sizes of 30 cm x 40 cm. An alternative method was presented by
Choi et al. [104], where PDMS shim was applied. The master for the shim was created
by typical photolithography of SU-8. Micro-mirrors, waveguide-ends with a 45◦ tilted
angel, were included as well and cut using a microtome setup. The embossing process
was done under in a vacuum chamber at 90 ◦C for 10 h. No information regarding
surface roughness was given here. The shim sizes is in this case dependent on the size
of the master and therefore on the size of a master substrate and the capabilities of
the master equipment.

4.2.3.5 Reactive Ion Etching (RIE)

This method works as follows: The under cladding and core layer are deposited and
fully cured. In the following step an etch mask layer is created on top. For this, an
etch-resistant material is deposited. In a subsequent photolithographic process the
waveguide pattern is formed in this layer. These waveguide structures are transferred
to the core layer via a plasma etch process. It is common to use Oxygen plasma. In
the last step, the mask layer is removed and the top cladding will be created (see Fig.
4.8).
As suitable mask materials, chemical vapor deposited (CVD) Silicon Nitride (Si3N4)

[163, 164, 176] and Aluminum [156, 170] were reported. The Si3N4 was patterned
by a CF4 RIE process. Dreyer et al. [170] used a lift-off technique to produce the
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Figure 4.8: Reactive ion etching for waveguide forming. Principle.

waveguide mask. In this case photoresist was patterned with the waveguide struc-
ture on top of the polymer layer. Afterwards Aluminum was deposited. Finally, the
photoresist was removed and created, through lift-off of parts of the Aluminum layer,
the desired waveguide pattern. After the mask preparation, all reports mentioned the
application of Oxygen plasma to etch the waveguide structures free. The parameters
required to achieve a smooth surface after dry etch were investigated by Tang et al.
[176]. It was shown that high pressure and low plasma power resulted in small surface
roughness of RMS ≤8 nm. The etch-rate was in the range of 60 to 240 nm/min.
Higher etch rates resulted in higher surface roughness values. All the presented meth-
ods in fact have several drawbacks: the sidewalls of the waveguides can be very rough
because their form is mainly defined by the quality of the photolithography of the
etch mask. A scanning electron microscope picture in the report of [156] has shown
this phenomena very clearly. Investigations of the impact of sidewall roughness on
transmission behavior were missing in this case. On the other hand this method does
not seem to be easily applicable in industrial PCB manufacturing. It would be hard
to find a plasma chamber, which is large enough to handle 609.6 mm x 609.6 mm
substrates. In addition, the process time is considerable for such a case. The waveg-
uide pattern first has to be created in an etch protection mask and afterwards it has
to be removed. Assuming an etch rate of 200 nm/min and a waveguide core 50 μm in
height would result in an etch rate of 25 min plus extra buffer time for any required
over etch. A direct photolithographic process or direct laser writing process has an
advantage in this case in that they are faster.
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4.2.3.6 Reactive Ion Beam Etching

The method proposed by Cornic et al. [156] is very similar to the RIE process. An
Aluminum layer was used as etch mask in this case. The self-developed reactive ion
beam process achieved an etch rate of 200 nm/min. Rough sidewalls were observed,
caused by the photolithography of the Aluminum mask.

4.2.3.7 Patterning techniques — Conclusions

Different methods of forming waveguides were briefly described. Methods involving
RIE are applicable in research areas but not in production in the PCB industry, be-
cause of restrictions regarding LAP, etch chamber dimension, suitable mask material,
and etch time. High precision patterns are usually limited to 300 mm but can be
extended by using a large-area mask aligner. The approach shown in chapter 6 can
circumvent the problem of inflexible and expensive large photomasks by a step-out
process of small-size, high-precision waveguide masks. However, pure photolitho-
graphic patterning of an optical polymer resist material still has the advantage of
giving smooth sidewalls and the reduction to just one process step compared to the
RIE method. Reasonable resolution can be achieved as well.
On the other hand, direct writing methods are inexpensive but are limited by the
size of the laser spot, positioning, and speed. Additionally no information could be
found to date regarding sidewalls of the waveguide structures created. The only ob-
vious advantage seen is the rather inexpensive transformation of waveguide pattern
to the substrate through direct connection to CAD design tools. The direct dispens-
ing method suffers from a one order of magnitude lower writing speed and a poorly
defined cross section shape.
Hot embossing seems to be a promising method, but is limited to shim sizes of about
10 cm x 10 cm at the moment, whereas work is in progress to reach 30 cm x 40 cm
[103].
However, concerning low cost waveguide formation for a few point-to-point links on
large areas, the direct laser writing method seems to be the preferred choice. Regard-
ing complex waveguide patterns on large areas, step-out patterning in combination
with direct photolithography seems to be the best choice so far.
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5.1 Optical characterization

5.1.1 Transmission

One of the main parameters researchers are most interested in is the optical loss value
of a waveguide. This value is usually of the order of magnitude of 10−2 to 100 dB/cm
for polymer waveguide materials. It will become a crucial factor for the limited power
budget on optical backplanes (typically, e.g., 14 dB [85]) if long-distance links around
1 m in length are necessary.
Several methods exist to measure the optical loss, such as single length method, cut-
back method [156], prism coupler method [193], and the scattering-light measurement
[194]. One of the easiest ways to perform an optical transmisson measurement is the
single length methode, where a waveguide of a certain length is taken and its end-
facets are polished roughly in advance. At one of the end facets, light will be coupled
into the guide by a single mode fiber (core diameter around 9 μm) and collected on
the other side by a large-core multimode fiber. An index matching fluid is applied on
the end facets to minimize the coupling losses. For precise measurements piezoelectric
translator elements are necessary for the alignment. The difference between coupled
and recorded light will be noted. After this measurement, the fiber ends are brought
together and the difference between coupled and recorded light will be noted again,
to be able estimate the coupling loss. The difference between the value of the link
with and without the waveguide gives the optical loss in the waveguide.
Another method is the so called cut-back method, as described by Cornic et al.
[156], including a suitable measurement setup. A sketch is shown in Fig. 5.1. The
waveguide was successively shortened by about 1 cm and re-measured in the optical
setup. The slope in the resulting loss versus waveguide length plot is the desired
optical loss of the waveguide in dB/cm. In Fig. 5.2 a hypothetical loss measurement
is shown to clarify this method. Cut-back offers high precision measurements but
requires a larger effort in sample preparation. The sample has to be cut, the end
facets have to be polished, and the set-up has to be re-aligned for each measurement,
which is very time consuming.

The prism coupler method is usually applied to determine the thickness and
refractive index of thin transparent films, as described below. It can be applied
for optical loss measurements on (uncovered) waveguides too. Two prisms have to
be applied at once in this set-up for this method. One of the prisms is fixed in
position with respect to the waveguide and light from a laser source is coupled into
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(a) Initial substrate length. (b) Re-measurement of the system after subse-
quent shortening of waveguide devices.

Figure 5.1: Cut back method for transmission measurements of optical waveguides. Prin-
ciple: Light is coupled into the waveguide by a LASER source from the left
hand side. A detector measures the transmitted light power on the right hand
side.
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Figure 5.2: Hypothetical diagram of an optical loss measurement. The slope of the best-fit
line gives the optical loss in dB/cm.
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the waveguide trough the prism. The second prism is brought into contact with the
waveguide at defined distances and light is coupled out trough it to be collected using
a photo detector. The sensitivity was reported to be 0.02 dB/cm for overall losses
around 1 dB/cm [193]. The light’s signal strength measured can be drawn into a
similar diagram as shown for the cut-back method (see Fig. 5.2). Again, the slope of
the best-fit line is identified with the optical loss of the waveguide.
For the light-scattering measurement method, as described in [194], light from
a laser source is coupled into a waveguide and a camera measures the amount of
scattered light along the channel waveguide. Again, the results from this measurement
are drawn in a diagram similar to the one shown in Fig. 5.2, to derive the loss of
the optical waveguide. This method is useful for large optical loss values below 100
dB/cm, even if losses below 1.0 dB/cm can be detected.

5.1.2 Refractive index measurements

5.1.2.1 Refractive index, Total Internal Reflection (TIR) and Numerical Aperture

An exact refractive index determination is necessary for waveguide fabrication due to
several reasons: The difference in refractive index defines

• the critical angle for the TIR condition of the waveguide [24],

• the angle of acceptance of the waveguide end facet and is therefore connected
to radiation angle of the laserdiode [24], and

• the bandwidth times length product as shown in section 7.1, [195], and paper
III.

In Fig. 5.3 a schematic sketch is shown, visualizing the connection between TIR,
critical angle, and angle of acceptance for the waveguide. Conditions for the TIR,
enabeling the propagation of light inside the waveguide, are:

• transition from a volume with high towards a volume with low refractive index,
and

• the incident angle of light is larger then the critical angle.

If these conditions are satisfied, then the effect of TIR appears, where the refracted
beam disappears and the lightwave is encapsulated in the waveguide.
Starting with Snells law:

n1 · sin α1 = n2 · sinα2 (5.1)
where n1 is the refractive index of waveguide core and n2 of the wvaeguid ecladding,
respectively. α1 is the angle of incident, and α2 the angle of refraction. Under the
condition of TIR α2 = π/2 and with α1 = αcr eq. (5.1) transforms to

n1 · sin αcr = n2 sin
π

2
sin αcr =

n2

n1
. (5.2)
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Figure 5.3: Waveguide schematics explaining the connection between critical angle for TIR
and angle of acceptance. The terms n1, n2, and n3 stand for the refractive
index of the waveguide core, the waveguide cladding, and the surrounding
medium, respectively. The term αcr is the critical angle required for TIR, βcr

is connected to αcr to be able to calculate the incident angle of acceptance ξ.
See text for further information.

The relation between αcr and βcr (compare with Fig. 5.3) is

βcr =
π

2
− αcr. (5.3)

The angle βcr can be related to the acceptance angle for the light that is coupled into
the waveguide. Thus according to Snells law (n3 = nair � 1):

n3 · sin ξ = n1 · sin βcr

= n1 sin
(π

2
− αcr

)
= n1 cos αcr

= n1

√
1 − sin2 αcr (5.4)

From eq. (5.2) follows

sin ξ = n1

√
1 −

(
n2

n1

)2

sin ξ =
√

n2
1 − n2

2. (5.5)

The term
√

n2
1 − n2

2 is equal to the numerical apparture NA. If the sine of the angle
of incidence of the coupling light source is lower than the NA then the light will be
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guided along the waveguide due to the satisfied conditions of total internal reflection.
However, in practice it is important to adjust and determin the refractive index for the
optical waveguide system. The prism coupler and refractive index near field pattern
methods can be used to refractive index studies on thin films and short waveguide
sections, respectively, and will be discussed briefly.

5.1.2.2 Prism coupler

The prism coupler method is used to measure the refractive index and the thickness
of thin transparent films. Films of thicknesses between 2 and 10 μm have to be
prepared on good reflecting surfaces, preferably silicon wafers. The film’s surface is
then brought into contact with a prism. The whole setup is mounted on a rotational
table and a laser source points from one side trough the prism and film towards the
substrate surface. Usually the beam gets reflected on the surface and a detector
collects the light. For certain angles the condition of leaky modes is fulfilled. In these
cases, light is coupled into the film and disappears from the detector signal. Studying
two neighboring angles where this effect occurs allows calculation of the refractive
index and the film thickness [196].
The equipment used in our lab works slightly differently [197]: A small air-gap exists
between the film surface and prism. The first detected leaky mode determines the
refractive index of the film, while the other leaky modes are used to calculate the film
thickness. The refractive index resolution is about ±0.0005 with an offset accuracy
of ±0.001. Thickness resolution and accuracy were reported to 0.5 % and 0.3 %
respectively compared to the total film thickness. In practice, film thicknesses of about
5 μm gave the best results. Fig. 5.4 shows a principle sketch of the measurement
set-up.

5.1.2.3 Refractive index near-field pattern

Oberson et al. [20] reported a method for refractive index near-field measurement
for silica waveguides on silicon. “The basic physical properties of optical waveguides
is given by the distribution of the refractive index. From this distribution all local
parameters can be computed, such as the mode profile that determines the coupling
loss.”[20]
In this technique, one end-facet of a short measurement sample (usually 1 cm in
length) is illuminated by a laser beam. On the other side, a detector screen collects
the refracted light. The laser focus can be moved with micrometer precision in the
x/y-plane over the end facet (see Fig. 5.5). For each measurement point, the position
for the refracted beam will be determined on the screen. The refractive index profile
over the waveguide cross section can be calculated by applying Snell’s law (see eq.
(5.7)).

n1 · sin α1 = n2 · sinα2 (5.6)

v1 · s = v2 · s (5.7)
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Figure 5.4: Prism coupler method for refractive index and thickness measurement on thin
films.

The variables n1,2 represent the refractive index of the two optical media, i.e. air
and the waveguide core. The angles α1,2 are the angles of the light-rays in the corre-
sponding media. Eq. (5.7) represents Snell’s law in vector form, where v1,2 = n1,2 · c
represents the direction of a light ray and its velocity in medium 1/2, n1,2 is again
the refractive index of the medium, c the velocity of light, and s is any vector tangent
to the interface. The resolution in refractive index was reported to 0.0005, and x/y
resolution to 0.1 μm [20].

5.1.3 Bit Error Rate (BER) Test

Derickson [198] described a basic setup for bit error rate tests. With the help of this
test, the quality of an optical data link can be characterized. A random pattern of
bits is coupled into a waveguide, and collected on the other side (see Fig. 5.6).

The BER value is defined as

BER =
E(t)
N(t)

(5.8)

where E(t) is the number of bits that were wrong and N(t) the total number of bits.
First, the optical link containing laser source, pattern generator, and detector unit
is tested, using a number of input powers. This will result in a log/log-plot of BER
versus optical power and, in the optimum case, a best-fit line. Secondly, the waveg-
uide is hooked up to the whole system, and the test is performed once more. If the
waveguide shows no strange effects, this should result in a line parallel to the former
one, permitting the evaluation of BER for the system including the interconnecting
waveguide.

72



5.1 Optical characterization

�

�
Z

� XY

�
Y

� XZ

Detector Screen�

Waveguide
�

�
Sample� �

Laser Source�

Figure 5.5: Refractife Index Near Field measurement.
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Figure 5.6: Bit Error Rate determination. Measurement setup. DUT — Device Under
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BER requirements for electrical and optical interconnects have been reported by the
IEEE P802.3ap Backplane Ethernet Task Force [199]. On Ethernet based backplanes
BER values below 10−12 are required [200], whereas the values below 10−15 are re-
quired for optical interconnect systems [201].

5.2 Surface tension

In SBU processing not only one kind of material will be applied. Often different
kinds of materials have to be deposited on top of each other. Often, a liquid material
has to be deposited by spin coating or similar techniques on a solid surface. Here,
it is important that a good wetting behavior occurs between the liquid deposited
and the underlying surface. One method to test the wetting behavior is to look at
contact angle measurements as described below. Furthermore, the calculation of the
solid’s surface tension is possible from contact angles formed on its surface by several
different test liquids.

5.2.1 Theory

When a drop of liquid is brought into contact with a solid surface then three things
can happen (visualized in Fig. 5.7):

1. total wetting,

2. total de-wetting,

3. intermediate state with:

a) wetting, and

b) de-wetting tendencies.

In thin film processing the total wetting case is desired, whereas the intermediate
case often occurs. The experimentalist has two choices to achieve a sufficiently good
wetting behavior:

1. modify the surface properties by applying a surface activation method, e.g.,
silane coupling agents [202] or plasma activation methods [203], or

2. by changing the surface free energy of the liquid.

The correlation between the contact angle that a drop of a liquid forms on a solid
surface and the surface tension (or surface free energy) of the solid and the liquid can
be expressed by Young’s equation as [204, 205]

γsv = γsl + γlv ∗ cos(θ) (5.9)

where θ stands for the contact angle formed by the droplet on the surface towards the
surrounding gas phase. The γ-terms are assigned to the surface energy (in mN/m) of
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(I) (II) (III) (IV)

Figure 5.7: Tentative contact angles on a solid visualizing a complete hydrophilic, inter-
mediate, and hydrophobic surface of the solid. — (I) complete wetting, (II)
wetting tendency, (III) de-wetting tendency, (IV) complete de-wetting

a specific interface and the indices characterize the boundary: γsv – solid-vapor, γsl

– solid-liquid, and γlv – liquid-vapor (see even Fig. 5.8). The surface tension γlv is
assumed to be equal to γl (surface tension of the liquid in air) at a first approximation
[205].
Furthermore, the surface tension can be written as the sum of a polar part and a
dispersive part (superscripts p and d) [206]:

γ = γp + γd, (5.10)

which is used in the geometric mean and harmonic mean approach as described further
below.
For the calculation of the surface tension value of a solid several approaches exist. All
of them have in common that the contact angle of a droplet on the surface investigated
and the liquid’s surface tension is necessary to be able to calculate the surface tension.
The geometric and harmonic mean approach require the contact angles of polar and
unpolar liquids on the surface under investigation for calculation of the surface tension.
In case of the geometric mean approach, only one polar and one unpolar liquid is
necessary to be able to solve the equation

γl ∗ (1 + cosθ) = 2
[√

γd
l γd

sv +
√

γp
l γp

sv

]
, (5.11)

θ γslγsv

γl

�

�

�

Figure 5.8: Droplet with force diagram of Young’s equation.
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wich can be transformed into a linear equation to

y =
√

γd
sv +

√
γp

sv ∗ x, (5.12)

where x and y are identified with

x =

√
γp

l

γd
l

(5.13)

and

y =
(1 + cosθ)γl

2
√

γd
l

. (5.14)

The calculation of the surface tension according to the harmonic mean approach
is performed with the following equation

γl ∗ (1 + cos θ) = 4
(

γd
l γd

sv

γd
l + γd

sv

+
γp

l γp
sv

γp
l + γp

sv

)
. (5.15)

Unfortunately is it not possible to separate the variables in this case. Other ways
have to be found to solve this equation for γd

sv and γp
sv respectively. Several test

liquids, preferably polar and unpolar, are needed to calculate the surface tension.
Furthermore Neumann’s approach can be used to calculate the surface tension,
whereby one test liquid only is necessary. A drawback in this case is that only the
total surface tension can be calculated. A separation into a dispersive part and polar
part of the surface tension is not possible. The equation used is stated as follows:

cos(θ) = −1 + 2
√

γs

γl
∗ exp−β(γl−γs)2 . (5.16)

The parameter β has the value 0.000115 (m2/mJ)2. All calculation procedures are
outlined more in detail in paper IV, found in the Appendix.

5.2.2 Equipment & procedure

The experiments described below were performed using a contact angle meter from
KSV. This instrument is equipped with a CCD camera and a frame grabber, capable
of taking pictures at a rate up to 1 picture every 20 ms (see Fig. 5.9). A typical
measurement procedure is as follows: A drop of the test liquid is deposited on the
substrate, and an image of it is recorded by the camera. A computer program, which
is internally based on Axissymmetric Drop Shape analysis (ASDP) algorithms, evalu-
ates the shape of the droplet and returns the contact angle towards the surface [207].
Before a measurement starts, the cleanliness of the equipment is tested by the pen-
dant drop method. A hanging drop is produced at the syringe and from its shape and
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Figure 5.9: Photograph of the KSV CAM 200 contact angle meter.

the test liquids density the surface tension can be calculated by the computer program.
If the measured surface tension of the liquid is close to tabulated values (e.g.
±1 mN/m2) then the equipment is defined as clean enough for the experimental
series.
Contact angle measurements were performed in the following manner: A drop of the
test liquid was formed at the needle lattice. The needle was then lowered towards the
surface. At initial contact with the surface, the droplet suddenly leaped over and set-
tled down on the surface. At this moment, the frame grabber started automatically.
Initially, the contact angle of a droplet decays until a (quasi) steady state is reached.
This (quasi) stable contact angle is measured and used in all further calculations.
It is stated that a drop volume of between 5 and 8 μl is preferred. Liquids such as
water or formamide (both polar) have no problem to form such amounts in a single
pending drop, whereas di-iodomethane has. In this case three drops were deposited
at one and the same sample position, which joined up to one drop with the desired
amount of liquid. Several measurements were performed to get better statistics. A
standard deviation between 0.3◦ and 2.2◦ is not unusual (based on 10 individual
measurements), which varies with age of the sample and test liquid applied.
Further experiments were performed with the contact angle meter, which are not re-
lated to surface tension measurements. In this case the equipment was extended with
a mini-hotplate, capable of heating the sample under controlled conditions (±2 K).
This setup was used to determine the contact angle of ORMOCER R© resisn on cured
ORMOCER R© surfaces under the influence of heat. It could be shown that the con-
tact angles of ORMOCER R© resins for one and the same material differ significantly if
measured at room temperature and at 353 K. At this temperature the solvent evapo-
rates from the resin, which is responsible for the difference in contact angles as shown
below.
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5.2.3 De-Wetting of ORMOCER R©s

5.2.3.1 Motivation

During the lareg-area panel project a de-wetting phenomenon was discovered during
multilayer SBU-processing, as explained more in detail in section 6.2 and papers II
and IV. The goal of the project was to create a waveguide structure composed of an
under cladding, a core layer and an upper cladding layer. Initially, as composition for
the core layer was chosen pure B59, whereas the cladding layers had a composition of
B59:V32=88:12 wt%. The core layer in its resin state showed a de-wetting under pro-
cessing (pre-bake step, before exposure). This can be prevented by surface activation
of the underlying cladding layer, e.g., by oxygen plasma activation [203] or silaniza-
tion [202]. However, these methods were not available for large-area processing in our
departments cleanroom. Instead, the material system was changed slightly to make
cladding and core layer more similar to each other in their surface properties. In a
first attempt the core layer was altered by adding 5 wt% of refractive index tuning
agent V32. At the same time, the composition of the cladding layer was changed to
B59:V32=83:17 wt%, to keep the step in refractive index between core and cladding
constant to Δn =0.01.
This approach could prevent de-wetting of the core layer during processing, but
spawned the question: How much can the amount of refractive index tuning agent be
reduced in the core layer by maintaining integrity of the resin film under processing?
The material V32 is in research state only, whereas the refractive index tuning agent
B66 is already established on the market. In initial test with the material system
B59:B66 (B59 as core layer, B59:B66=40:60 wt%, Δn = 0.01) revealed similar behav-
ior. The work’s focus was therefore mainly on the commercially available B66 system.
In the following section only the main results are presented. Further details regarding
the experiments, calculation methods, and results, are found in paper IV.
In particular, experiments such as de-wetting tests, contact angle measurements of
ORMOCER R© resin on cured ORMOCER R© surfaces, and contact angle measure-
ments of de-ionized water, di-iodomethane, and formamide were performed and are
explained briefly. The composition of the samples can be found in Table 5.2.1.

5.2.3.2 De-wetting experiments

The de-wetting of the ORMOCER R© resin occurred during the pre-bake step in waveg-
uide processing of the core layer. During the spin coating a smooth film of the core
layer resin could be created on a cladding layer of cured ORMOCER R©. However,
during the pre-bake at 353 K it lost its integrity. In some cases the shrinkage started
at the border, whereas the final state was a drop of liquid resin in the centre of the
wafer or a scattered surface due to formation of large-area holes. In Fig. 5.10 the
effects described are shown.
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5.2 Surface tension

Table 5.2.1: Composition of films and test liquids to be used for the experiments. All
compositions listed, except C12, were used in the surface tension related ex-
periments as described in the text.

Index Composition
B59 in (1 wt%) B66 in (1 wt%) V32 in (1 wt%)

C1 100 0 0
C2 99.8 0.2 0
C3 99 1 0
C4 95 5 0
C5 40 60 0
C6 0 100 0

C7 99.9 0 0.1
C8 99 0 1
C9 95 0 5
C10 88 0 12
C11 0 0 100
C12 83 0 17
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5.2 Surface tension

For the test wafers with a cured layer in cladding layer composition of the system
B59:V32=88:12 wt% and B59:B66=40:60 wt%, respectively, were prepared. On top
of the layer a tentative core layer was deposited, varying in composition from pure
B59 to B59 altered by 5 wt% of refractive index tuning agent. Afterwards the wafers
were placed on a hot plate at 353 K and observed for 1 hour. In the case of the system
B59:V32, the altering of the core layer by 0.1 wt% of V32 was enough to achieve a
stable resin film over the test period. The system B59:B66 needed an amount of 5
wt% of B66 in the core layer to obtain a stable film. All other films failed after time
steps such as 2 min (pure), 10 min (0.1 wt%) and 1 h (1 wt%). This difference in
altering amount can be attributed partly to the difference of the cladding composition
underneath.

5.2.3.3 Contact angles of ORMOCER R©s

In a further test series the contact angles of the altered core layers of the systems
B59:V32 and B59:B66, respectively, were measured on cured cladding layers of their
material systems, respectively. Pre-tests with the B59:V32 at room temperature
showed no difference in the contact angles measured with respect to their materials
composition (arround 25◦, see paper IV for details).
This result together with the results from the hot plate experiments described above
lead to the conclusion that the solvent in the resin has an influence on the wetting
behavior and therefore on the contact angle of the cladding layer. Thus, further ex-
periments were conducted on a mini-hotplate (set-point 353 K). The contact angle
differed substantially much between the series this time, as shown in Fig. 5.11. Ad-
ditionally, contact angles of pure B66 and pure V32 were added.
The contact angles measured for the system B59:B66 show a decay in a duration of

40 to 180 s after the dropplet was settled on the surface (see Fig. 5.11). The decay
time is correlated to the amount of B66. However, steady state contact angles between
20 and 10 degree for the pure B59 and the B59:B66 blends were obtained, whereby
contact angles below 15 degree were obtained only for a composition of B59:B66=95:5
wt%. Pure B66 showed values below the 10 degree line.
The B59:V32 system behaved differently; a clear plateau or steady state contact angle
could not be detected. In this case, the contact angles were measured to be between
0◦ and 23◦. For the blends of B59:V32 contact angles below 15◦ were observed. Pure
B59 showed a contact angle of around 21◦.
A comparison with the results from the de-wetting results showed that solutions that
failed these tests showed a contact angle above the 15◦ line, whereas the succeeding
solution fell below that line.

5.2.3.4 Surface tension estimation

Contact angles were measured on surfaces of the systems B59:B66 and B59:B66 in
various compositions (see Table 5.2.1). Liquids applied were de-ionized water, di-
iodomethane, and formamide. A screen dump of a typical contact angle measurement
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(a) Contact angles of ORMOCERR© resins on a cured C5 surface.
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(b) Contact angles of ORMOCERR© resins on a cured C10 surface.

Figure 5.11: Contact angle of ORMOCERR© solutions on ORMOCERR© surfaces under
the influence of heat. The determination of the contact angle had to be
aborted in certain cases due to the fact that the droplet’s frontiers were outside
the observation window and the computer algorithm could not perform the
calculation. For the compositions of the ORMOCERR© mixtures see Table
5.2.1. The accuracy bars are based on 3 to 5 individual measurements.
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Figure 5.12: Screen shot from a contact angle measurement.

is shown in Fig. 5.12.
From the contact angles surface tension values according to the harmonic mean,

geometric mean, and Neumann approach were calculated. A summary of the values
calculated is shown in Fig. 5.13. Detailed values can be found in the Appendix, paper
IV.
In Fig. 5.13 the development of the dispersive, the polar part, and the overall

(summary) of the surface tension in the system B59:B66 and B59:V32, are shown.
For the polar part of the surface tension values around 5 mN/m2 were obtained in
both cases. A tendency to lower values was observed when adding B66 to the B59,
whereas the opposite was observed by adding V32. The dispersive part of the surface
tension for pure B59 was estimated to be 39 mN/m2 and approached 35 mN/m2

when adding B66, and 30 mN/m2 in the V32 case. An overall surface tension was
calculated, including the sum of the polar and the dispersive parts and the results
from the Neumann approach. This value started out at 43 mN/m2 for pure B59 and
approached 36 mN/m2 for booth B66 and V32. Note however, that the calculated
values for each measurement method show a large deviation in their absolute value,
but a similar slope, as found in paper IV.
During the surface tension analysis a correlation to the results obtained in the de-
wetting or contact angle experiments with ORMOCER R© resin as presented above
could not be found. No significant difference in the surface tensions between the
surfaces formed by pure B59 and altered by 0.1 wt% V32, which actually showed
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Figure 5.13: Surface tension of the system B59:B66 and B59:V32, overview. The data
represent average values of the surface tension values estimated.

good wetting was detected. The same holds for pure B59 and 5 wt% B66. Even here
no significant difference in the calculated surface tension values were found.

5.2.3.5 Complementary optical characterization

The optical loss (wavelength 1310 nm) of the waveguides (cross section 20 µm x
10 µm) was obtained with the single-length measurement method. The waveguide-
ends were polished roughly and additionally a refractive index matching fluid was
applied to compensate for losses due to remaining end-facet roughness. Light was
coupled into the waveguide at one end using a single mode fiber (core diameter 9 µm)
and collected on the other side connecting a large-core multimode fiber (core diameter
50 µm). The measurement results are summarized in Table 5.2.2.
For the B59:B66 system a significant difference in the optical loss values obtained
between the sample with a pure B59 (0.42 dB/cm) and a B59:B66=95:5 wt% (0.55
dB/cm) waveguide core, respectively, could be observed. Contrary to this, the B59:V32
system showed no clear trend in optical loss values by moving from pure B59 as core
material to the core material modified by 5 wt% of V32. Optical loss values are in
the range between 0.4 and 0.47 dB/cm. Moreover, the measurement values for the
experiment and the reference of a sample with a core composition of B59:V32=95:5
wt% differ significantly, with values of 0.42 and 0.47 dB/cm, respectively.
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Table 5.2.2: Optical loss measurements on chosen core materials.

Core
material

Cladding
material

Optical loss at
1310 nm
in (1 dB/cm)

Number of
individual
measurments

Waveguide
length in (1 cm)

C1 C5 0.42 ± 0.02 6 4
C4 C5 0.55 ± 0.10 12 4.5

C1 C10 0.44 ± 0.03 6 4
C7 C10 0.4 ± 0.01 12 4.5
C9 C12 0.42 ± 0.02 12 4.5
C9† C12 0.47 ± 0.03 5 4.5

† reference measurement

In all samples light scattering was observed due to particles, which can be attributed
to not optimized waveguide forming processes. The optical loss values presented are
up to a factor of two higher than previously reported values for pure B59 as waveguide
core [19]. The altering of the waveguide core compositions showed significant differ-
ences during measurements, although these were not considered as a major effect. The
divergence in the optical loss values (both previously reported and measured here)
can be attributed to the samples, due to light scattering on particles was observed
on them. Additionally, the resolution of the measurement method applied is limited
by factors such as, preparation of the end-facets, in homogeneities of the end facets
(particles), and a numerical aperture mismatch between fiber and planar waveguide.
Therefore, the results of the system B59:V32 suggests that the influence of the V32 on
the quality of the waveguide is below the detection limit of the optical characteriza-
tion method applied. Contrary to this, as the B66 content in the core layer increases,
the optical loss values increase slightly also according to this measurement setup. It
can be concluded, that the modification of the waveguide core shows a minor effect
on the optical loss properties. Further investigations on optical loss values, such as
the application of the high-resolution cut-back method, in connection to the altering
of the waveguide core with a refractive index tuning agent are left to another study.

5.2.3.6 Contact angle and surface tension — Conclusions

The earlier observed de-wetting problem of pure B59 liquid films during thin film
processing on a particular surface of B59:V32 was circumvented by adding small
amounts of V32 (0.1 wt%) to the B59. Similarly, moderate amounts of B66 (5 wt%)
added to B59 avoided de-wetting on a B59:B66 surface.
For thin film multilayer processing using different material compositions in sequential
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polymer films it is thus concluded that small or moderate changes in composition
can significantly reduce differences in surface properties, thus avoiding de-wetting
problems. Material bulk properties can change by applying this process route, which
might be compensated for by fine-tuning of the mixture’s composition. However,
no significant major changes in the optical properties of the B59:B66 system and no
significant differences for the system B59:V32 were observed in our case. Additionally,
no other surface treatment, such as plasma oxidation or silanization, was necessary to
achieve this effect, thus enabling savings in processing steps and cost. Furthermore
this enables large-area processing where suitable equipment for surface activation is
not available.
From the surface energy estimation it was found that the overall surface energy of
the B59 host (cured surface) was reduced when adding B66 or V32. Resins of these
systems clearly show this behavior when the solvent is removed by evaporation. Thus,
the solvent’s influence can partly mask the final surface tension of a resin that is of
practical importance for the de-wetting behavior, i.e. the surface tension of the liquid
resin without solvent.
De-wetting tests under process realistic heating conditions are thus considered as a
fast and good working tool to expose de-wetting behavior, which otherwise can be
hidden in common surface tension tests.
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Paper II, found in the Appendix, presents our contribution to the rather extensive
list of optical motherboard and backplane approaches. Here, the main focus is on
manufacturing aspects, to be able to be competitive on the market and to meet
customer demands. Solutions for key issues such as light coupling have been treated
in chapter 3 and are therefore not considered here.

6.1 Philosophy

As stated above, it is believed that the market for optical motherboards and back-
planes is a niche-market only (see section 2.2). A company producing such equipment
is therefore forced to react quite fast on the demands of its customers. Furthermore
two factors have to be taken into account: Firstly, a break-even length for optical
links has to be estimated (see paper III and references therein and additionally [52]).
Beyond this length, optical interconnects are superior to electrical ones both in view
of technical solutions and economical feasibility. Secondly, the waveguide patterns
and the electrical lines have to be created over a large area, up to a board size of,
e.g., 457.2 mm x 609.6 mm. This can be done by direct laser writing applications,
which has proven its feasibility for high-quality waveguide processing for long links
[43, 63]. A drawback in this case is processing time for complex waveguide patterns,
as described in section 4.2.3. An alternative is to use a large-area mask aligner, such
as the ANVIK Hexscan 2050 SME [70]. This machine is capable of exposing panels
up to a size of 609.6 mm x 609.6 mm, using photolithography masks up to 355.6 mm x
355.6 mm in a step-out procedure. With this tool it is possible to perform a step-wise
scaling of backplanes from very small sizes, e.g. 101.6 mm x 101.6 mm up to full-scale
boards.
The idea behind our project was to introduce a method suitable for small-size com-
panies to be able to react fast to the market’s demands. It is based on the principle
that the optical backplane is divided into functional units, 101.6 mm x 101.6 mm
in size. Each of these units contain several chips with specific functions. The pho-
tolithography mask set of such a unit provides the infrastructure within the unit and
the interface to the outer world. In that way, communication within and in-between
units is established with one set of masks over the whole board. Below the break-
even length, interconnects between components will be provided by electrical high
bit rate links. For larger distances, e.g., in between components on different units,
optical interconnects will be chosen. The transformation from electrical into optical
signals and vice versa will be handled through VCSEL and PD banks, respectively.
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Figure 6.1: Example of a standardized unit. Each unit can contain different types of
MCM / SOP / SOC, in order to achieve a functional package in each unit.
Furthermore, VCSEL and PD banks are used for electro/optical signal con-
version. The electro/optical in-/out-put modul can be used for external signal
handling, e.g., coupling to/from an optical fibre network. The optical waveg-
uide routing should be fixed in such a way that different types of 101.6 mm x
101.6 mm modules can be placed next to each other with guaranteed optical
interconnects in between.

In Fig. 6.1 such a functional unit is shown in detail.
The infrastructure on one unit will be designed in such a way that different types

of units can be placed next to each other, by providing an infrastructure for optical
interconnects over the whole board at the same time. Fig. 6.2 shows this in detail
once more. Here, the functional units named a,b,c, . . . are spread-out all over the
board. Within these units electrical interconnects is predominant, whereas an optical
link between the units a and b is established.
From Fig. 6.2 it is clear that the small photolithography masks have to be aligned

carefully with respect to each other. Ideally, in one of the first process steps align-
ment marks on the substrate with a large-area mask will be created to support the
alignment of the unit masks. To increase the misalignment tolerance, four different
endings in the overlap were proposed, such as butt-coupling, butt-coupling with over-
lap, funnel coupling, and a saw tooth coupling as shown in Fig. 6.3.
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Figure 6.2: Theoretically possible 609.6 mm x 609.6 mm optical backplane. The LAP is
tiled into units 101.6 mm x 101.6 mm in size. Different types of units are placed
next to each other, serving different functions (labels a, b, c). One possible
pathway for optical interconnects is shown (arrow).
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Figure 6.3: Four different waveguide end-facets to demonstrate flexible optical intercon-
nects by lithographic step-out processes (from top to bottom): saw–tooth with
overlap, funnel with overlap, straight with overlap, straight tight end-facet.
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In a pre-test for the step-out procedure a misalignment between the waveguide ends
of ≤5 μm was observed. The misplacement can be recalculated to an overlapping
cross section of the two waveguides (see eq. (6.2)).

A = h ∗ w (6.1)
Ared = h ∗ wred

Ared

A
=

h

h
∗ wred

w
Ared

A
= xborder

↪→ xborder =
wred

w
(6.2)

In eq. (6.2) A is the cross sectional area of the waveguide, h and w the height and the
width of the waveguide, and Ared and wred the effective intersection dimensions due
to the misalignment of the step-out. The quantity xborder represents the fraction of
the cross section of the junction between the two waveguides due to this misalignment
(compared to perfect alignment). The optical loss L is defined as

L = 10 ∗ log
I

I0
(6.3)

with I as the out-going light and I0 the incoming light. Combining eq. (6.2) and
(6.3) together gives:

I

I0
=

wred

w

= xborder

L = 10 ∗ log xborder (6.4)

Assuming a waveguide width of 70 μm [47] and a mismatch of 5 μm in between two
waveguide ends would result in an ideal optical loss of 0.3 dB over this connection.
This is not dramatic for the crossing between two units, but has to be considered when
nine borders have to be crossed for a total link length of 1 m. The loss originating
from the step-out mismatches then becomes 2.7 dB in total.
The task for the manufacturer is, to create a portfolio containing small masks to be
able to create a wide range of infrastructure patterns for the optical and electrical
interconnects. One might argue: Why not just create one huge mask and expose the
whole board at once? The answer is rather easy: flexibility and costs of production! If
optical backplanes were mass-produced, with thousands of units shipped a day, then
the production of large-area photolithography masks would be feasible.
Actually, optical backplanes seem to be found in high-end applications only and this
points to a niche-marked of them. Therefore, design changes for the whole board
shall be possible with low excess cost for the mask-set. Large-area masks will here
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presumably increase the projects budget and small masks gain a favour. The cus-
tomer decides the overall function of the board and the system engineer chooses the
infrastructure based on the portfolio. Finally, the board will be processed according
to these specs. In such a way different types of smaller optical motherboards up to
optical backplanes for rack use containing parallel stripes of optical waveguides, can
be produced.

6.2 The Large-Area Panel (LAP) optical backplane
demonstrator - Processing and Results

Full details for the processing are given in Paper II, found in the Appendix. Here,
the process will described in brief and key-results will be presented.
For the demonstrator a panel of 610 mm x 610 mm size, made of standard FR4 ma-
terial, was used. All polymer layers were spun on using a large-area spin coater of
type Karl Suss GYRSET RC33 (see Fig. 6.4). The photolithographic process was
performed using the ANVIK Hexscan 2050 SME (see Fig. 6.5), and special equipment
suitable for handling LAP, such as, a convection oven, LAP sputter (KDF 844NT),
and large bowls for the etch-process.
Two types of photolithography masks were used: an 8-inch mask containing alignment
marks and a 4-inch mask containing the waveguide pattern. In a first sub-process the
alignment marks were created on the LAP by stepping out the 8-inch mask over the
whole panel. For this, the panel was first coated with a metal layer (Titanium, sput-
ter deposited) and photolithography processes were applied to create the alignment
marks. It was observed that a specific width of the photoresist pattern of these marks
was 5 μm ±0.5 μm larger then the etched alignment marks, which was attributed to
handling issues during the etch-process (see Fig. 6.6).

Figure 6.4: Large-area panel spin coater Karl Suss GYRSET RC33.
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6 Large-Area Panel Processing

Figure 6.5: Anvik Hexscan 2050 SME large-area panel mask aligner. In front: 4-inch
waveguide mask, 8-inch alignment marks mask, 610 mm x 610 mm large-area
panel substrate.

After these preparation processes, the waveguide layers of the demonstrator were
built-up on the substrate. The following thickness of the sub layers were achieved:

• buffer layer to prevent penetration of light from the waveguide towards the
substrate (5 μm)

• under cladding (15 μm)

• core layer (10 μm)

• upper clatting (15 μm)

The materials B59 (aka ORMOCORE) (Microresist Technology GmbH, Berlin, Ger-
many; licensed from FhG-ISC) and the refractive index-tuning agent V32 (research
state, FhG-ISC) were chosen for the waveguide layers. In advance, refractive index
studies with these two materials were performed. Mixtures in different compositions
were created and thin films on wafers were produced with them. The refractive in-
dex of the films was measured with the prism coupler method (see section 5.1.2.2 for
details). In Fig. 6.7 the resulting diagram is shown.
Initially, pristine B59 was intended to be applied as waveguide core material and a

mixture of B59 and V32 as cladding material. During pre-tests for the LAP-process
de-wetting effects of a liquid spun-on B59 on a cured cladding layer surface were dis-
covered. The effect could be prevented by plasma activation or silinazation processes
of the under laying surface. Both were not available at the department’s clean room
for the large-area processing. Instead, the application of a modified core layer, by
adding 5 wt% of V32 to the B59, on the cladding layer could prevent from the de-
wetting effect. Thus, the whole refractive index window for the core-cladding-layer
system was shifted to lower values (compare with Fig. 6.7). The final composition of
all ORMOCER R© layers applied during the process can be found in Table 6.2.1.
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6.2 The Large-Area Panel (LAP) optical backplane demonstrator

(a) Alignment mark, photoresist on Ti. (b) Etched alignment mark in Ti on SU-8-5 on
top of a LAP.

Figure 6.6: Photoresist pattern and etched alignment marks in form of an arrow, pointing
at the lower right corner of the picture. The dimension of the tip of the arrow
(120 μm ∗ 120 μm) was the evaluated feature size as described in the text.

The waveguide’s shape is crucial for the optical properties of the waveguide as
described above (see section 4.2). Therefore, a cross section of the full waveguide
cladding stack was analysed by Scanning Electron Microscopy (SEM). This analysis
method has one drawback for surfaces of non-conductive samples: charging occurs;
making it impossible to detect any features with the SEM. Furthermore, the contrast
between the polymer layers might be too low to see anything at all due to the fact that
they are similar materials (ORMOCER R© class in both cases). Thus, a test wafer was
prepared, applying the same process parameters as for the real waveguide process.
In contrast to the standard processing, a Titanium layer of d=10 nm was deposited
after every polymer layer curing step. Thus, a thin and high-conductive metal layer
surrounded the waveguide core layers and could be clearly observed using SEM (see
Fig. 6.8).
Waveguides in a length of about 20 cm were created during this project by stepping

out the 4-inch masks onto the high-precession 8-inch alignment mark pattern. The
procedure of alignment of the 4-inch masks was very time consuming (1 h for the
test panel in this single case) due to difficulties of the machine’s pattern recognition
system for the alignment marks. With engineering efforts on alignment marks and
the pattern recognition system the time for this process step may be shortened con-
siderably. However, the overall optical loss for the 850 nm wavelength was determined
to be 0.6 dB/cm, and 0.7 dB/cm for 1320 nm. No difference in the optical loss values
depending on the coupling method between the step-outs could be detected. The
measurement values are given in Table 6.2.2.
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Figure 6.7: Refractive index of mixtures of V32 and B59.

Table 6.2.1: Refractive indices of ORMOCERR© systems used. Standard deviation is re-
lated to machine setup error.

Material Composition
in (1 wt%)

Refractive index
at 632 nm

Refractive index
at 1300 nm

Remark

V32 pure 1.466 ± 0.001 1.456 ± 0.001 a

B59 pure 1.550 ± 0.001 1.535 ± 0.001 b

B59:V32 1:1 1.503 ± 0.001 1.491 ± 0.001 c

B59:V32 83:17 1.535 ± 0.001 1.521 ± 0.001 d

B59:V32 95:5 1.545 ± 0.001 1.531 ± 0.001 e

a base material, delivered by ISC
b base material, delivered by MRT Berlin
c reflection layer
d cladding
e core material
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6.2 The Large-Area Panel (LAP) optical backplane demonstrator

Figure 6.8: SEM photograph of a cross-section through a waveguide structure containing
a reflection layer, under cladding, core, and upper cladding.

� Substrate

� Reflection
layer

�

Under-
cladding



Waveguide
core�

Upper-
cladding

Table 6.2.2: Results of transmission measurements of the FR4 sample. Waveguide length
l = 19.3 cm. One waveguide with a width of w = 8/12/20/30/50 μm measured
in each “border crossing group”.

Optical loss in (1 dB/cm) at
Type of border crossing λ =1320 nm λ =850 nm

“saw tooth” 0.6 ± 0.2 0.5 ± 0.2
“funnel” 0.7 ± 0.2 0.6 ± 0.1
“straight, overlap” 0.6 ± 0.2 0.5 ± 0.1
“straight, tight” 0.8 ± 0.1 0.5 ± 0.1
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6.3 Large-Area Panel processing — Summary

The concept of the flexible manufacture approach, enabling fast reacting to the de-
mands of a niche-market of optical backplanes was introduced. A LAP demonstra-
tor was produced, proofing the concept of manufacturing proposed. The LAP was
coated with a 45 μm ORMOCER R© layer in total, without showing any cracks in
the ORMOCER R© layer or any deformation of the board. The optical loss of the
waveguides was measured to be 0.6 dB/cm at 850 nm and 0.7 dB/cm at 1320 nm,
respectively. These values are around 3 times higher than previously determined val-
ues (0.23 dB/cm at 1320 nm [198]), which was attributed to the application of the
refractive index tuning agent in the core layer and the cladding layer, in the first place.
Secondly, the direction of the laser sweep was chosen to be perpendicular to the opti-
cal axis of the waveguides. In a visual inspection of samples, produced on Si-wafers,
stripes of inhomogenous exposure were observed. These originate from the method
of exposure of the ANVIK (overlap region of the hexagonal exposure window). The
waveguides produced on the LAP are crossing several of these stripes, which can raise
the optical loss.
In further investigations (see section 5.2.3.6 and paper IV) the waveguides processed
with the Karl Suss Mask Aligner MA6BA6 showed double the loss as previously re-
ported [19]. Thus, non-optimized processes and the exposure by the ANVIK mask
aligner probably increased the losses in the waveguides. Additionally, samples should
be evaluated by the cut-back method instead of the single length method for their
optical losses.
However, the concept of a flexible manufacturing approach was proven for an area of
8-inch in size using a step-out procedure for 4-inch waveguide masks.
Tasks for future projects would be to extend this concept to a full board-size optical
interconnects. Furthermore, the concept has to be proven in real-life mixed systems,
containing both electrical and optical interconnects.
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Interconnects on Optical Backplanes

In this chapter, a brief optical power budget analysis for a link based on planar
polymer waveguides on an optical backplane will be performed. The optical loss values
used are based on the information presented in chapter 4 (Materials and Processing)
and 3 (Functional Structures). Based on the outcome and the resulting limitations
for optical backplanes, the concept of an optical waveguide amplifier will be proposed
to overcome these limitations in the optical power budget. This section constitutes
an introduction to paper III, found in the Appendix.

7.1 Problem Statement — Origin of optical loss on
optical links

The discussion in this section is limited to optical waveguides, consisting of a core
area with a high refractive index and a cladding area with a low refractive index.
Two different types of waves can be generated in optical waveguides; single mode and
multimode. A single mode wave can be excited in a waveguide with a small core
cross-section, e.g. 9 μm in diameter for a wavelength about 1320 nm. If larger cross-
sections are used, then multiple modes of the lightwave are generated in the core.
In practice, two things are of major interest for optical links: the optical transmission
loss over the link, and the dispersion of high bit rate signals. When a narrow pulse
of light enters a waveguide it will experience pulse spreading after a certain distance.
This means that the time duration of such a pulse gets longer, which causes a problem
in signal resolution if two pulses are sent directly after one another through the
waveguide. In the worst case, two pulses are coupled into the waveguide, but only
one can be resolved on the other side. This is not so critical for the single mode, but
it is for the multimode case. In the latter there is a difference between step index
and graded index multimode structure resulting in the largest pulse increase for step
index multimode structures [24] but no pulse spread for ideal graded index profiles.
In the case of optical backplanes, multimode waveguides are feasible, due to the
fact that the pick-and-place equipment is limited by its placement accuracy during
processing [47]. Furthermore, the fabrication of multimode graded index waveguides
is not feasible on optical backplanes, due to limitations in the planar processing of
the optical layers on backplanes.
Despite the waveguide dispersion dependence on the cross-sectional dimensions and
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7 Amplification Devices for Optical Interconnects on Optical Backplanes

the numerical aperture of the waveguide, a so-called chromatic dispersion exists too.
Signals will not only propagate on a single wavelength over one waveguide. Several
wavelengths will be transmitted at the same time to be able to put more information
on one waveguide simultaneously. This means that pulses with different wavelengths
travel at different speed through the waveguide, due to different refractive indices.
In summary: an optical waveguide link is limited by optical loss due to material
properties, i.e. direct influence on the optical power budget of the link, and dispersion
for high-speed pulses due to the waveguide design and due to chromatic dispersion,
i.e. limitations in bandwidth for the link.
The discussion of signal dispersion is strongly connected to the step in refractive
index of optical (multimode) waveguides. The characteristic parameter in this case is
the so-called bandwidth x length (BWL) product.1 This term gives an idea on the
bandwidth that can be expected after a certain link length.
Senior [195] presented a formula allowing the estimation of this BWL of an optical
link from its numerical aperture, i.e. its refractive index step, as

BWL = nc · c

n2
c − n2

cladd

(7.1)

where nc and ncladd stands for the refractive indices of the core and cladding material,
respectively, and c is the vacuum speed of light. In Fig. 7.1, calculations of BWLs
according to tentative nc and ncladd values are shown. BWL values higher than 20
Gbps*m are only possible if the difference of the refractive indices between core and
cladding is chosen to be below 0.008. At such low refractive index steps the control in
the absolute level of the refractive index becomes crucial. A slight fluctuation in the
refractive index in the cladding layer, for instance, can reduce the theoretical possible
bandwidth dramatically, e.g. from 40 to 30 Gbps*m, and therefore limit the band-
width of the overall system. At larger steps in refractive index the BWL situation is
more relaxed, as seen in Fig. 7.1 by the lower slope of the curves.
Furthermore, the change of the absolute level of refractive index has no significant

influence on the BWL. Calculations were done with other refractive index windows
than the one for polymers around n =1.5, e.g. with values as n =2, n =2.5, and
n =3, similar to the calculations presented in Fig. 7.1. The difference of these BWL
values to the ones of n =1.5 were calculated, maintaining one and the same step in
refractive index, which resulted in a rise of 0.012, 0.019, and 0.024 Gbps*m, for the
refractive index windows around 2, 2.5 and 3, respectively. This is not a significant
increase in the BWL, since the absolute values are still of the order of magnitude of
Gbps*m and above for the refractive index steps applied.
It was shown that minimizing the refractive index step would increase the BWL of
an optical waveguide system. A drawback of this step is that the small difference
in refractive index will increase the optical loss of the overall link, due to the fact

1In chapter 2 on page 7 was pointed out that the terms bandwidth and bit rate are used inter-
changeably in digital optical interconnects. This concept is followed in the discussion in this
section too.
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Figure 7.1: Bandwidth of a multimode waveguide as function of its numerical apperture.
Each line represents a specific refractive index value of the core. Choosing an
appropriate pair of refractive index for core (nc) and cladding material (ncladd),
the maximum bandwidth length product can be read directly from the graph.
Empirical model according to Senior [195].

that the number of leaky modes of the waveguide and bending losses originating from
signal routing will increase. The advantages and disadvantages of reducing the step
in refractive index are summarized once more in Table 7.1.1.

Next, the optical power budget available for a link on an optical backplane will
be estimated. This budget depends mainly on two factors, the output power of the
laser diode and the minimum detectable power by the PD. These are both tempera-
ture and bandwidth dependent characteristics of the device. Commercially available
laser diodes at 850 nm deliver between -1 and -1.5 dBm at 2.5 and 3.3 Gbps, re-
spectively [208, 209]. Karppinen et al. [114] used a laser-diode providing 3 mW (4.8
dBm) nominal output power at 850 nm for 8 GHz in bandwidth. Further values of
recently published advances in VCSEL design and fabrication report higher values for
both bandwidth and output signal power, as summarized in Table 7.1.2. Especially
for the case of 1310 and 1550 nm the temperature has to be controlled precisely,
otherwise the laser power will drop dramatically. Furthermore, from the table it is
evident that direct modulation of light is possible only up to frequencies as high as
13 GHz [210]. For generation of higher data rates, an external/off-chip modulator is
necessary, whereby Mach-Zehnder interferometers with a modulation bandwidth up
to 24 GHz by an insertion loss of 4 dB [211] and 2 dB at 10 GHz [212], respectively,
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7 Amplification Devices for Optical Interconnects on Optical Backplanes

Table 7.1.1: Impact of change in step of refractive index on properties of an waveguide
system.

decrease Δn increase Δn

NA decrease increase
Bandwidth increase decrease
Bending radius increase decrease

have been reported. A drawback of these solutions is that these devices are working
horizontally, whereas VCSELs are working vertically, which opens new challenges for
device manufacturing and packaging technologies.
Commercially available PDs show a sensitivity of -16 dBm at 3.3 Gbps and 850 nm,
which gives a power budget of 14.5 dB at this bandwidth by a laser output power of
-1.5 dBm [208].
Yoon et al. [85] reported on an 8 Gbps optical link on an optical backplane. Their
power budget was reported to be 14 dB. Thus, based on the applied input power
of 2 dBm, this results in a PD sensitivity of -12 dBm at a wavelength of 850 nm.
Karppinen et al. [114] reported on an optical link with 4.7 dBm laser input power
and an noise level for the photo diode of –26.5 dBm at 850 nm, working at 8 GHz in
bandwidth. A margin of 11.5 dB between signal and noise was required to achieve a
BER of 10−12, although requirements from the industry was reported to be BER of
10−15 [201]. However, a power budget of 18 dB between VCSEL and PD is available
in this case.
However, for all further examinations, we will focus at a working wavelength around
850 nm, and a bandwidth of 8 Gbps with a power budget of 14 dB, since this value
seems to be state-of-the-art.
Above, the optical power budget available between the VCSEL and the PD was es-

timated. In the further analysis below, a tentative loss scenario for a realistic routed
link on an optical backplane will be sketched.
In chapter 3 losses for functional structures were given, such as for waveguide rout-
ing (signal splitters), MUX/DEMUX, and coupling losses. Further losses will be
introduced by bending of the waveguide connected to the step refractive index (for
bandwidth reasons) as outlined above. Furthermore, losses will be introduced through
the waveguide material itself. Here, a loss value of 0.08 dB/cm will be assumed in
the first instance. Table 7.1.3 summarizes typical routing losses once more.
In Fig. 7.2, example scenarios containing a simple optical link on an optical back-

plane is presented. The power budget for the whole link was set to 14 dB as outlined
above. All other optical losses are chosen according to Table 7.1.3. Fig. 7.2 shows
that the coupling- and routing-dependent losses reduce the optical power at a specific

100



7.1 Problem Statement — Origin of optical loss on optical links

Table 7.1.2: Recent advances of VCSEL at specific wavelengths with corresponding band-
width and signal output power. cw = continuous wave.

Wavelength
in (1 nm)

Modulation
in (1 GHz)

Output power in
(1 dBm)

Reference

850 cw, 10 a 5.8 [213]
cw 4.7 [210]
13 1.7 [210]

980 cw 30.3 [214]

1310 10 [2.6; -1.7] b [215]
cw [5.8; 1.5] c [215]

1500 cw [6; 2.3] c [216]

a no output power given for modulated signal
b for T=[293;343] K
c for T=[313;358] K

place on the link substantially. This happens for instance right after a 1-to-8 signal-
splitter or in connection to coupling of the optical signal. Thus, a large input power
and a very good resolution of the PD is essential for the power budget of the whole
link.
Furthermore, waveguide losses below 0.08 dB/cm are adequate to establish a point-
to-point link over 1 m including light coupling, at a given optical power budget of 14
dB. However, the power budget is consumed very fast if further signal routing or a
higher data-rate signal (external modulator, including additional routing) is needed
and/or low-loss waveguide materials are not available. Additionally, it it is shown in
Fig. 7.2 that a large power budget available between VCSEL and PD can relax loss
issues significantly.
However, it is evident from this example, that optical amplifiers on optical backplanes
are needed to be able to provide a sufficient power budget when it comes to large-area
multifunctional approaches.
Pre-amplification at the waveguide input right after the VCSEL, and even post-
amplification at the output right before the PD, is necessary to get a reasonable
signal resolution. Additional signal amplification on the link is necessary in many
cases to reach sufficient optical power levels after signal routers and multiplexers.
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Table 7.1.3: Routing loss on on optical backplanes.

Functional Structure Optical loss in (1
dB)

Reference / Remark

Optical waveguide 8 (over 1 m) tentative

Light Coupling Loss 3 + 3 based on estimations from Ta-
ble 3.4.1 on page 40, in- and
out-coupling of light to/from the
waveguide

“Border Crossing” /
Flexible manufacture
Approach

2.7 9 borders, see section 6.1, page
90

Waveguide Switch 1.8 [122]

Waveguide Splitter 9 1–8, ideal signal attenuation per
output waveguide

MEMS routing 4 [118]
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7.2 Amplification

There are two main approaches for optical amplifiers based on silicon-bench tech-
nology:

• waveguide amplifiers, which need a pump light source to be able to amplify an
incoming signal, and

• semiconductor optical amplifiers, which need a coupling to a power source to
be able to amplify the incoming signal.

The amplifier device presented hereafter uses both approaches for light amplification
in separated design set-ups.

7.2.1 Waveguide amplifiers

The principle applied here is the classical laser transition in optical active media [217].
A host material contains active elements, which can be, e.g., Rare Earths (see Table
7.2.1) or organic molecules such as Rhodamine B [218]. A pump light signal causes
an inversion state of electrons in the active elements. The low power signal triggers
a cascade-like transition, whereby the electrons jump from the inversion state to a
ground state. The difference in energy between the inversion and the ground state is
the same as the energy of the emitted photon and the triggering photon. This process
is also called stimulated emission of light, and is in fact the classical laser principle,
which is visualized in Fig. 7.3.

Table 7.2.1: Rare earth elements with suitable emission wavelengths in the optical com-
munication windows [219].

Element Active Ion Suitable emission wavelength
in (1 nm)

Erbium Er3+ 850
1550

Neodymium Nd3+ 1360

Praseodymium Pr3+ 1300

Thulium Tm3+ 810
1480
1510
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Figure 7.3: Laser principle, energy levels, electron transitions, stimulated emission of pho-
tons. The cascade-like stimulated emission of photons is triggered by an ex-
ternal photon, which has the same energy as the energy difference between the
meta-stable inversion state and the ground state of the electrons.

Signal amplification is necessary for the wavelength bands around 850, 1310 and 1550
nm, which can be achieved by, e.g. rare earth elements, such as those presented in
Table 7.2.1. Optical amplification in the 550 to 650 nm wavelength region by Eu-
ropium [220], Samarium [221], and Rhodamine B (organic dye) [218] has also been
reported.
An overview on recent advances on optical waveguide amplifiers based on silicon bench
technologies is given in Paper III. Below, recent results for waveguide amplifiers based
on Rare Earth elements is listed (see Table 7.2.2). Research seems to be concentrated
on the wavelength regions of 1060 nm and 1530 nm for optical amplification, while

Table 7.2.2: Optical amplifiaction based on silicon bench technology and rare earth doped
waveguides.

Active element Amplification
wavelength in (1 nm)

Amplification in (1 dB) Reference

Er 1533 13 [222]
Er 1534 18 [223]
Nd 1060 8 [224]
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the 850 nm and 1310 nm bands seem to be neglected. However, fluorescence mea-
surements were reported for all active elements mentioned in connection with planar
waveguides, excluding the 850 nm regions. Working devices for Er were found in the
literature for sol-gel, polymer, and sputtering approaches, whereas for Nd, Pr, and
Tm, the results presented contained fluorescence measurements only, or gain mea-
surements were reported at unsuitable wavelengths.
It was reported in the literature that the length of planar optical amplifier waveguides
is often of the order of centimeters. This originates from the fact that the intrinsic
loss in an amplifier waveguide cannot be compensated through the amplification pro-
cess after a certain waveguide length. Thus, the optical gain saturates after a certain
waveguide length.
Furthermore, the host material is usually loaded with the active elements up to a
concentration where segregation occurs. This causes quenching effects in light am-
plification (concurrent up-conversion, non-radiative relaxation), which often occurs if
more than a couple of weight percent of the rare earth element is introduced in the
host material.
The pump signal is attenuated due to the loss properties of the amplifier waveguide.
This light is absorbed and consumed in two main processes: exciting electrons from the
ground state to the inversion state and non-radiative processes, such as up-conversion.
However, a sufficient amount of the pump signal has to be available at every place
of the waveguide to ensure the generation of the inversion state of electrons, which is
the requirement for the laser effect. Additionally, the pump signal will be attenuated
depending on the host material, especially with polymer hosts, and the quality of the
waveguide [225]. Thus, an optimum solution for coupling of the pump light has to
be found, ensuring that sufficient power is available at every place in the waveguide
to create the inversion state. At the same time the effect of up-conversion has to be
minimized, which means a trade-off between launched pump power and optical gain
has to be found.
Several approaches have been reported for coupling the pump light into the am-
plifier waveguide, such as, directional coupling, counter directional coupling, and bi-
directional coupling. Additionally, the gradual coupling method, as proposed by Slooff
et al. [225], and the sideway-excitation, as proposed Fujii [226], have been reported for
silicon-bench technology. The idea behind gradual coupling of pump-light is to place
a second waveguide beside the amplifier waveguide, thus coupling the light gradually
over, from one waveguide to the other. Slooff et al. [225] showed that a theoretical
gain increase from 0.005 dB to 1.6 dB was achieved according to their calculations.
Fujii [226] emphasized in 1999 the heat and efficiency problem with polymer optical
fiber amplifiers. Very high gains have been achieved in graded index fibers by incorpo-
ration of rhodamine B in a PMMA host [227]. An optical gain of 28 dB was measured
by applying a pump power of 7 kW. These high pump powers were necessary because
the system must be excited by a pulsed laser. A rather large amount of the pump light
is converted to heat and not used to create the inversion state necessary for the laser
effect. This results in a temperature rise that almost melts the core material [226].
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The proposal of Fujii [226] shows a new approach. The polymer optical fiber (POF)
is coated with a tube, which acts as a continous wave laser. The POF is pumped
radially and not coaxially as in earlier approaches. Calculations showed that a gain of
20 dB can be reached with only a 5 cm fiber length and 20 W pump power compared
to 1 m fiber length and 7 kW as in the original case. The idea of sideway excitation
may be considered by the implementation of optical amplifiers into optical backplane
systems by using silica on silicon technologies. If tests show that it is insufficient to
obtain high enough optical gain values by applying coaxial excitation then the method
of sideway excitation may be considered. Surface mount technologies as flip-chip in
connection with arrayed VCSELs could be used.
The different approaches for pump-light launch explained above are visualized in Fig.
7.4 once more.

(a) Direct Coupled Pump Light. Signal
light and pump light are entering the ac-
tive waveguide from the same side.

(b) Counter Directional Coupled Pump
Light. Signal light and pump light are en-
tering the active waveguide from different
sides.

(c) Sideway excitation of the active waveg-
uide.

Figure 7.4: Methods of launching the pump light into an optical waveguide amplifier.
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7.2.2 Semiconductor Optical Amplifiers (SOA)

This type of device is based on the same principle as a Fabry-Perot laser diode [228]
SOA-tutorial. SOAs are mainly used in fiber optical interconnections and serve as
post-signal amplifiers for laser sources, compensators for in-line losses of the fiber,
and pre-amplifiers for PDs [229].
The key-structure of the device itself can be either a multi quantum well (MQW),
grown by metal-organic vapor deposition [229–233], or quantum dots [234, 235].
In a quantum well structure, a thin layer (up to 20 nm) with a lower band gap is
embedded within two layers of a higher band gap. Through this, charges are trapped
and an accumulation of electron-hole pairs is created in this layer. The electron-hole
pairs will spontanously recombine, whereby a stimulated emission can be triggered by
an (external) photon. However, the concept of the quantum well leads to an efficient
current-light conversion [24]. In a MQW case, several of these low-band gap layers
are deposited on top of each other, separated by thin high band gap layers. The
efficiency in current-to-light conversion is increased compared to the single quantum
well structure. However, quantum wells are a kind of 1-dimensional structures. They
are built up in the z-direction, while light is traveling through them in the x-direction
(see Fig. 7.5).
This concept is taken one step further in the case of quantum dots: Here, electron-hole
pairs are localized in a three dimensional structure. The first and second dimensions
are defined through the width and the height of the active region, defined by the
method of film deposition. The third dimension is defined through the length of the
quantum dot, which is realized through an etch-process [236].

In the MQW SOA structure, a passive (slab) waveguide structure lies below the
active MQW structure (some μm in height). The low-power signal passes through
the passive waveguide and triggers the laser transition of electrons in the active region
above. Thus, this transition leads to optical amplification of the signal in the passive
region through coupling of light between these waveguides. The light for the quantum
dot SOA device is directly guided through the active area. Material systems used are

�
Energy

AlAs GaAs AlAs

�z-direction

Conduction Band


Valence Band�

Quantum Well

�

Figure 7.5: Bandgap structure for a quantum well.
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7.2 Amplification

Table 7.2.3: Recent advances on SOA devices reported in literature.

Wavelength
in (1 nm)

Input
Power
in (1 dBm)

Ampli-
fication
in (1 dB)

Saturation
Power
in (1 dBm)

Noise
figure
in (1 dB)

Reference

810 0.8 29 n/a n/a [232]

1310 -25 25 11.2 7.6 [229]
1310 -25 [22.5; 19.5]a n/a n/a [231]

[1450; 1570] n/a 15 18.1 b 4.5 [230]
1500 -10 18.2 30 9 [233]
1550 4.1 15 19.1 c n/a [234]
[1410; 1500] n/a >25 >19 <5 [237]

a T = [298;338] K
b at 40 Gbps input signal
c at 40 Gbps

InP in combination with InGaAs [230], InGaAsP [229, 233], or AlGaInAs [231]. In
Table 7.2.3, recent advances in SOA devices, working on wavelengths of around 810,
1310, and 1500 nm are summarized.
The length of the active area of MQW SOAs was reported to be 725 μm [229, 231], 1.8
mm [230], and 1 cm [233], whereas the width of the waveguide was generally reported
to be around 4 μm.
Juodawlkis et al. [233] reported a slab waveguide approach for the SOA, resulting
in a fiber-to-fiber gain of 13 dB (single-mode). It was suggested that tapered SOA’s
are useful in multimode applications, whereby the device characteristics are limited
by beam instabilities associated with guiding dynamics. An alternative is the use
of a slab-coupled optical waveguide, where multimode waveguides can be made to
operate in single-mode by coupling them to a slab waveguide [233]. It seems from
the discussion in this paper that advanced device design is necessary to minimize the
insertion loss in a multimode waveguide environment.
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7 Amplification Devices for Optical Interconnects on Optical Backplanes

7.3 The Flip Chip mountable Optical Waveguide
Amplifier (FOWA) approach

7.3.1 Overview

In the previous sections, estimates for the optical power budget on an optical back-
plane were presented. In conclusion, it is necessary to boost the optical signal at
certain places on a realistically routed optical backplane. Furthermore, approaches
of amplifiers based on silicon bench technology were briefly discussed. Unfortunately
they are not suitable for direct integration on large-area optical backplanes: In the
case of planar optical waveguide amplifiers, the whole board has to be coated by the
optically active material, and the active waveguide is formed by photolithography,
where nearly 99% of this material will be removed. Thus, the process is not very
efficient. Additionally, the sol-gel material needs process temperatures of around 730
K, which is definitely too high for a standard FR4 board.
The direct implementation of the SOA on a board is not feasible either. Common
SOA devices require high-precision mounting and advanced light coupling optics in
connection to multimode waveguides [233], which makes them unsuitable for direct
use on PCB backplanes. This would lead to positioning problems during the pick-
and-place processes during manufacturing.
Thus, in this section, the concept of a flip-chip mountable optical waveguide ampli-
fier (FOWA) will be presented instead. The design of the device is chosen in such
a way that positioning with standard pick-and-place technology is possible without
introducing too high optical excess loss. Furthermore, the amplifier waveguide is on
a different plane than the rest of the waveguides on the backplane, due to the facts
that the pump-light source requires a certain vertical distance and solder-bumps for
the amplifier device are feasible only above a certain minimum size (see Fig. 7.10
for tentative measures). Thus, coupling and guiding structures (e.g., periscopes), as
explained in the former section will be applied here too.
In principal, the FOWA device works as follows:

1. The low-power signal is coupled into the periscope structure, and

2. guided inside the periscope from the backplane level to the amplifier level.

3. The low-power signal is coupled into the active region on the amplifier device,
i.e., the amplifier waveguide or the SOA.

4. Additionally, optical pump power is launched to the waveguide amplifier or
electrical pump power to the SOA, respectively.

5. Signal amplification takes place.

6. The amplified signal is coupled back into a second periscope, which guides the
light back to the backplane level, and finally
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7.3 The Flip Chip mountable Optical Waveguide Amplifier (FOWA) approach

7. the high-power signal is coupled back into the waveguide on the backplane.

In Fig. 7.6 and Fig. 7.7 sketches are shown of the final device including a visualization
of the pathway of light.

Figure 7.6: Perspective view of the FOWA device, including a cylindrical lens with first
periscope (left-hand side), amplifier waveguide, and second periscope (right-
hand side).

Thus, the following key-features are necessary to be able to build such a device:

1. pump light source (mounting and coupling of light),

2. creation of an amplifier waveguide structure,

3. alternatively, high precision mount of the SOA,

4. forming of an optical periscope,

5. low-loss coupling from and to the optical periscope, and

6. high-precision mount of the FOWA device.

7.3.2 Coupling of light from the pump-light source

In section 3.2 approaches for the coupling of light to and from a waveguide from and
to VCSELs and PDs, respectively, were presented. Dannberg et al. [130] reported a
UV-reaction molding technology, enabling the fabrication of micro prisms for light
coupling purposes with a slope of 45◦ with respect to the horizontal substrate. A
photolithographic relief mask was pressed into a wet layer of an UV-curable polymer
(ORMOCER R© in their case) and immediately exposed using a Karl Suss MA6BA6
mask aligner. Subsequent development steps in a proper solvent, followed by a baking
step to hard cure the material, completed the process. After deposition of a metal
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Figure 7.7: The FOWA device, overview.

layer on the prism slope, e.g. by sputter deposition, light from a flip chip mounted
VCSEL can be coupled directly into a waveguide, as visualized in Fig. 7.8.
On top of such a prism a VCSEL is mounted with the high-precision solder bump

mounting technology [238]. Solder bumps of 50 μm diameter are suitable. Further-
more, a cylindrical waveguide segment, with the function of a collimating lens, will be
used to enhance the coupling efficiency between the prism and the waveguide [105].
Thus, low loss coupling of the pump-light can be ensured.

7.3.3 Mounting of the SOA

Two challenges have to be met when applying the SOA structure for optical ampli-
fication: Firstly, high precision mount has to be ensured, enabling low loss coupling
of the low-power signal. Secondly, heat has to be removed from the device in an ef-
ficient way (see [233] for further information). Both problems can be solved through
high-precision solder bump mounting [238]. The solder bumps keep the SOA in place,
provide the electrical connections, and transfer the heat away from the device. Also
here 50 μm solder bumps are regarded as suitable.
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Figure 7.8: Micro prism with a flip chip mounted VCSEL on top. The vertical beam of the
laser is reflected about 90◦ (vertical-to-horizontal) at the slope of the prism.
The prism was created using a UV-reaction molding technology [130].

7.3.4 The optical periscope and the low loss coupling

Optical periscope structures such as the approach by Robertsson et al. [131, 132]
and the Bragg grating approach from Kirk et al. [136], were presented in section
3.2. Robertsson et al.’s [131, 132] approach is basically an enhancement of Dannberg
et al.’s [36] approach of the prism forming by UV-reaction molding technology. In
this case, the molding and surface finish steps are repeated until the final height and
amount of reflective surfaces of the periscope is reached. Unfortunately, no reports
on working devices employing such periscopes (molding and Bragg grating approach)
have been found in literature. Thus, no comparison regarding optical loss can be
made between the two approaches.
To enhance the coupling from the board level waveguide to the prism, the idea of a
cylinder segment, forming a collimating lens, is applied here once more [105]. One
such lens is built up in front of the first prism, which ensures the low-loss coupling of
light to the amplifier device. Another is created on the optical backplane, next to the
re-entry point of the amplified signal, coming from the periscope. Thus, alignment
requirements for the whole amplifier device can be relaxed.

7.3.5 Mounting of the FOWA

The mounting of the FOWA onto the optical backplane has to be performed with
rather high precision too, although coupling structures, enabling rather large mis-
match by still low coupling losses, have been included. Solder bumps 200 μm in
diameter were considered as a good starting point, but it still has to be tested if this
works in practice. The precision relies on the position of the solder pads too.
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Figure 7.9: The FOWA device with amplifier waveguide, top view.

7.3.6 Process issues

In the previous sections the key structures of the FOWA device, based on amplifier
waveguide and SOA were briefly discussed. In Fig. 7.9 a top view of the device is pre-
sented, and in Fig. 7.10 a cross section, to visualize the measures of the key-structures
discussed above. However, further process issues are presented and discussed in detail
in paper III.

7.4 FOWA — Summary

The power budget available for a realistic routed optical link based on polymer optical
waveguides on backplanes was estimated in this section.
According to the output powers of commercially available laser diodes and the de-
tection level of PDs, the power budget can be set to 14 dB for an optical link on a
backplane. It was concluded that the attenuation in the waveguide material has to be
lower than 0.08 dB/cm at 850 nm to enable an optical link over 1 m. A realistically
routed waveguide link makes signal amplification at certain places on the backplane
necessary, to boost the optical signal to be able to detect it in the PD.
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Figure 7.10: Cross-section of the FOWA device visualizing the lateral measures of key
structures. Left-hand side: Solder bumps in size of 220 μm are assumed.
Center and right-hand side: An under-cladding with 20 μm thickness is as-
sumed for the waveguides connected to the deflection prism and the periscope
structure.

Although polymer materials show much lower losses in the 850 nm region compared
to the traditional optical communications bands and work on optical backplanes is
focused on the 850 nm region, no optical amplifier devices have been reported in the
literature. Actually, research is concentrated on the traditional wavelength band for
optical communications, such as 1310 and 1550 nm. Thus, it is suggested to refocus
research in the direction of 850 nm.
Approaches for light amplification in planar waveguides, light coupling structures,
and amplifier waveguide design have been reviewed in this and in former sections.
Selected technologies from these assignments were brought together to shape the pre-
sented FOWA concept – a Flip chip mountable Optical Waveguide Amplifier, based on
a waveguide optical amplifier or SOA. The suggested hybrid approach has important
advantages:

• waveguide losses in backplanes and similar systems can be compensated, which
in turn increases the degree of freedom in waveguide routing (length, curvature,
splitting) in these systems,

• the signal amplifier can be produced separately from the board without restric-
tions related to board-production, allowing efficient use of amplifier area and
amplifier material as well as extreme process temperatures,

• the amplifier can be mounted with standard pick-and-place processes on boards,
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7 Amplification Devices for Optical Interconnects on Optical Backplanes

with more or less ”arbitrary” waveguide technology, thanks to fault-tolerant
optics, and

• the design allows active cooling of the amplifier waveguide from the backside,
which may be necessary if high pumping powers are used and/or the pump is
to operate continuously.

In summary, the optical power budget of an optical link on a PCB was evaluated
and the need for an amplifier device for optical motherboards and backplanes was
justified. The proposed amplifier concept offers new viable possibilities for high per-
formance and high density optical interconnects for backplanes and other interconnect
substrates.
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8 Dielectrics for RF Interconnects

8.1 The SBU microwave demonstrator (DONDO
EMW)

The author was also involved in research related to the DONDODEM project during
2001. A high frequency test vehicle was created during this project, using FR4 sub-
strates, ORMOCER R© B59 (aka ORMOCORE) (developed at FhG-ISC (Würzburg,
Germany) and licensed to Micro Resist Technology (MRT GmbH, Berlin, Germany))
as dielectric material, and Copper. On a 127 mm FR4 substrate, 4 layers of dielectric
material (total thickness � 80 μm, 20 μm each) were sequentially built up. Inter-
mediate metal layers were patterned to form staircase and stacked vias, and stacked
capacitors. The last metal layer contained structures to evaluate the dielectric prop-
erties of the underlying four dielectric layers. These structures were strip lines, ring
resonators, and stubs.

The process was basically as follows: The circular FR4 had a thickness of about 1
mm and 18 μm Copper on one side. As the first process step Ti was sputter deposited
on top of the substrate to enhance the adhesion of the first B59 layer. Before each
spin coating of the dielectric material an Oxygen plasma treatment was applied to en-
hance the adhesion of the film to the substrate. The spin deposition was followed by a
pre-bake (T=353 K, 15 min) and exposure of the tacky film in the ANVIK projection
mask aligner [192]. After a post-exposure bake (T=353 K, 15 min), via holes (60 μm)
were developed using an apropriate developer (e.g. hexylacetat:isopropanol=1:1) for
15 s. This step was followed by a thermal curing of the dielectric layer at T=423 K
for 1 h. The thickness of each B59 layer was 20 μm.

Afterwards, a sputter deposition step of Cu/Ti took place, followed by patterning
of the metal layers to create via and capacitor structures and the final pattern on
top. The Ti layer had a thickness of 20 nm and was applied as an adhesion promoter.
Copper was deposited with a thickness of about 1 μm. The B59 and metal deposition
combination was repeated 4 times to reach a final thickness of the dielectric material
of about 80 μm. A picture of the test vehicle is shown in Fig. 8.1.

The evaluation of the test vehicle in the high frequency range gave a permittivity
of εr = 3.05 and tan δ � 0.024 in the range of 10 – 40 GHz. Furthermore, stacked
vias showed only half the parasitic inductance compared to staircase vias in this case.
A precise description of the applied evaluation methods regarding the high frequency
characterization was given in [22] (=attached paper I).
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Figure 8.1: DONDODEM high frequency test vehicle.

8.2 Results & summary

During this project process development for a new dielectric material (ORMOCER R©)
was performed, suitable for high-frequency applications. The test-vehicle contained
four alternating dielectric and metal layers, with a total thickness of 80 μm. The
metal layers were connected by via holes, 60 μm in size.

The process parameters applied allow MCM-L processes at moderate temperatures
(below 180 ◦C), thus low-cost substrates, such as FR4 can be used, as shown in
our case. This makes the ORMOCER R© material a feasible alternative to BCB or
polyimides, which need much higher process temperatures. Thus, a reduction of pro-
duction costs in high-frequency packaging is possible with the ORMOCER R© material,
through the low process temperatures, by maintaining good dielectric properties in
the high-frequency range.
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The focus of this thesis is on ORMOCER R© materials. Materials characterization as
well as process development for large-are panel- and micro-processing applied to op-
tical interconnects and high-frequency packaging was performed. Additionally, new
concepts for large-area panel manufacturing and amplifier devices for application on
optical backplanes were developed. The latter concept is based on an extensive criti-
cal literature survey and feasibility study on optical interconnects, optical backplanes,
coupling components and optical waveguide amplification technologies.

ORMOCER R©s belong to the material class of organic-inorganic hybrid polymers.
Due to the possibility of “chemical tailoring” of the material properties in combina-
tion with their broad processing possibilities they are suitable for a wide range of
applications in microelectronics, photonics and microoptics. In applications simulta-
neously demanding good dielectric properties, good and tailorable optical properties
and good ability for SBU structures at low processing temperatures (<433 K) they
are considered to be unique. Photolithographic methods, (UV-)microreplication, laser
direct-writing, and two-photon polymerization can be employed to fabricate complex
2-3 D SBU structures. Thus micro-periscopes forming optical vias and microoptics
for VCSELs, such as deflection prisms and micro lenses are possible to create with
these materials.

Process development for SBU test vehicles (electrical and optical interconnects) has
been performed in connection with materials characterization. These include refrac-
tive index studies (system B59:V32), optical loss measurements (systems B59:V32
and B59:B66), and surface characterization through contact angle measurement and
surface energy estimation (systems B59:V32 and B59:B66).

The ORMOCER R© B59 was characterized with respect to its dielectric properties.
A SBU demonstrator was built, using a FR4 substrate, to prove the compatibility to
PCB industry standard processes (curing temperature 423 K). A total layer thickness
of 80 μm ORMOCER R© was build-up, thus showing a cost effective alternative for
high-frequency packaging. The permittivity and loss tangent were estimated to be
3.05 and 0.024, respectively, in the frequency range of 10 to 40 GHz (microstrip struc-
tures). This material is a good alternative to its competitors in the field (acrylates,
polyimide, BCB), due to its demonstrated good optical properties, dielectric prop-
erties, good adhesion to other materials, and moderate curing temperatures. Thus,
costs of production can be reduced through using the ORMOCER R© material due
to the possibility of the application of low-costs substrates and moderate process
temperatures. At the same time good high-frequency properties are maintained.
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During process development for the large-area optical backplane demonstrator a
de-wetting phenomenon of the core-layer resin (pristine B59) on top of the cured un-
der cladding (mixture of B59:V32 and B59:B66, respectively) was discovered. This
could be prevented through adding small amounts of the refractive index tuning agent
(0.1 wt% V32 and 5 wt% B66, respectively) to the core layer resin. It was shown in
several hot-plate experiments at 353 K that the solvent in a polymer solution could
hide de-wetting effects, which are exposed when the solvent finally evaporated from
the solution. Surface tension estimations on cured surfaces in various compositions of
core layer material and refractive index tuning agent did not show significant changes
in their values when the materials composition was below or above the de-wetting
break-even point. No significant major changes could be detected in complementary
optical loss measurements, comparing original and altered core materials.
The concept of altering one of the participants can open up process possibilities for
large-area processing by saving process time and process costs. Through this process
route no further surface treatments such as plasma activation or silanization are nec-
essary, which can be unavailable for large-area processing. Finally, de-wetting tests of
liquid polymers under realistic process conditions are considered as a fast and effec-
tive working tool to expose de-wetting behavior, which might be a hidden in standard
surface tension tests.

The “flexible manufacture approach” demonstrated can be suitable for small com-
panies, which provide optical backplane solutions for small-scale production lines and
a high flexibility in waveguide routing over the whole board. It is proposed that the
concept can be applied as a kind of portfolio approach, whereby a set of waveguide
masks can be used for multiple and scalable electro/optical backplane solutions. Fur-
thermore, it is suitable for second level and third level packaging. Direct laser writing
provides high production flexibility as well but suffers from large process times if it
comes to complex patterns.
The feasibility of the “flexible manufacture approach” was shown through creation of
a large-area panel (609.6 mm x 609.6 mm) test vehicle by photolithographic step-out
processing. On a FR4 panel a waveguide structure was built-up (under cladding,
core and upper cladding) in a total thickness of >40 μm, using ORMOCER R© mate-
rials (system B59:V32). Small photolithographic masks (101.6 mm x 101.6 mm) were
stepped-out over a large-area panel to create a continuous waveguide pattern (204.8
mm x 204.8 mm). A previously observed de-wetting effect of B59 resin (waveguide
core) on a cured B59:V32 surface (waveguide cladding) could be suppressed by adding
small amounts of V32 to the core layer material. Thus, no further surface activation
process-steps were necessary. Additionally, the final structure showed no delamination
or crack formation over the whole large-area panel. The optical loss of the waveg-
uides was measured to be 0.6 dB/cm (B59:V32=95:5 wt%, 850 nm), which is 3 times
higher compared to previously reported values. This effect was attributed mainly to
the refractive index tuning agent applied for the cladding layer and the core layer,
which is non-optimized in the synthesis, and a non-optimized waveguide manufac-
turing processes. Further optical analysis in the de-wetting study showed that the
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application of V32 is probably not responsible for the higher losses. It is more likely
that a manufacturing process optimization can decrease the optical loss even further,
which is left to another study.

In connection to the optical backplane project a study involving literature sur-
veys was performed treating materials suitable for planar optical waveguide systems,
optical backplane approaches, optical power budget considerations, and optical am-
plifiers for planar waveguide systems. Additionally, the competition between optical
interconnects versus electrical interconnects was investigated, leading to the question:
When and under which circumstances are optical interconnects superior to electrical
interconnects? It was found that break-even points in terms of electrical power con-
sumption and link costs exist at a given bandwidth and link length, beyond which
optics gets advantageous.
Furthermore, it was concluded in the study that optical amplification is necessary on
realistically routed optical backplanes at certain places to boost the optical signal.
Therefore the concept of a flip-chip mountable optical amplifier (FOWA) device has
been developed, based on planar optical waveguide amplifiers as well as on Semicon-
ductor Optical Amplifiers. Optical losses can be compensated with the device on
specific places on the board, which in turn increases the degree of freedom in waveg-
uide routing, i.e. in terms of length, curvature, and splitting. The hybrid approach
presented allows independent manufacturing from the rest of the board, thus process
parameters are not limited to PCB processes. Thanks to the fault-tolerant optics
the device can be positioned on the optical backplane using standard pick-and-place
technology.
Additionally, it was observed that most of the amplifier research is focused on the
wavelength of 1310 nm and 1550 nm, whereas optical backplane applications are tar-
geting the 830 nm range. It is therefore proposed to re-direct research activities for
amplifier systems towards the wavelengths around 830 nm. The process development,
materials characterization, and reviews presented provide a starting point for further
research on high-performance electro/optical backplane interconnects from a process-
ing point of view.

In this thesis new approaches for thin film processing applying SBU technology
were presented. In the near future it would be interesting to see which impact these
have on processes of the PCB industry. Furthermore, concepts suitable for appli-
cations in connection to optical backplanes have been demonstrated and developed.
In the literature it was emphasized that many different approaches for optical back-
plane solutions exist but hardly any real solution for a bottleneck application has
been presented. One goal for the future is therefore to take the step forward from
proof-of-concept projects towards bottleneck applications. Thus, target applications
have to be spotted as well as break-even points in terms of link-length and economics
have to be defined for such electro-optical hybrid backplanes. Hopefully, this thesis
can assist in the product’s design and further research and development on the topic.
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circuits in multilayer inorganic-organic polymer thin film technology on lami-
nate substrates. IEEE Transactions on Advanced Packaging, 26(1):81–89, 2003.
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punkt OptoSys. In BMBF-Projekte zu elektrisch-optischen Leiterplatten, pages
13–26, 2001.

[30] Denis Pogarieloff and Michel Andrau. Alcatel space R and D. Alcatel Telecom-
munications Review, (4):302–306, 2001.

[31] F. Mederer, R. Michalzik, J. Guttmann, H.-P. Huber, B. Lunitz, J. Moisel,
and D. Wiedenmann. 10 Gb/s data transmission with TO-packaged multimode
GaAs VCSELs over 1 m long polymer waveguides for optical backplane appli-
cations. Optics Communications, 206(4–6):309–312, June 2002.

125



10 Bibliography

[32] S. Agelis, S. Jacobsson, M. Jonsson, A. Alping, and P. Ligander. Modular
interconnection system for optical PCB and backplane communication. In Pro-
ceedings International Parallel and Distributed Processing Symposium., pages
245–250. IEEE, 2002.

[33] P. Lukowicz, J. Jahns, R. Barbieri, P. Benabes, T. Bierhoff, A. Gauthier, M. Jar-
czynski, G.A. Russell, J. Schrage, W. Sullau, J.F. Snowdon, M. Wirz, and
G. Troster. Optoelectronic interconnection technology in the holms system.
IEEE Journal of Selected Topics in Quantum Electronics, 9(2):624–635, 2003.

[34] T. Ao, K. Hartinger, P. Alluri, and C. Wilmsen. A biosequence processor based
on free-space optical interconnect. IEEE Journal of Selected Topics in Quantum
Electronics, 9(2):565–570, 2003.

[35] Xuliang Han and Ray T. Chen. Improvement of multiprocessing performance
by using optical centralized shared bus. In Randy A. Heyler and Ray T. Chen,
editors, Proceedings of SPIE — Photonics Packaging and Integration IV, volume
5358, pages 80–89, 2004.

[36] D.A.B. Miller. Physical reasons for optical interconnection. International Jour-
nal of Optoelectronics, 11(3):155–168, May/June 1997.

[37] J.H. Sinsky, M. Duelk, and A. Adamiecki. High-speed electrical backplane trans-
mission using duobinary signaling. IEEE Transactions on Microwave Theory
and Techniques, 53(1):152–160, January 2005.

[38] A. Adamiecki, M. Duelk, and J.H. Sinsky. 25 Gbit/s electrical duobinary trans-
mission over FR-4 backplanes. Electronics Letters, 41(14):826–827, 2005.

[39] Dawei Huang, T. Sze, A. Landin, R. Lytel, and H.L. Davidson. Optical inter-
connects: out of the box forever? IEEE Journal of Selected Topics in Quantum
Electronics, 9(2):614–623, 2003.

[40] A. Naeemi, Jianping Xu, A.V. Mule’, T.K. Gaylord, and J.D. Meindl. Optical
and electrical interconnect partition length based on chip-to-chip bandwidth
maximization. IEEE Photonics Technology Letters, 16(4):1221–1223, 2004.

[41] D. DeZutter and L. Knockaert. Skin Effect Modeling Based on a Differential
Surface Admittance Operator. IEEE Transactions on Microwave Theory and
Techniques, 53(8):2526–2538, August 2005.

[42] K.M. Coperich, A.E. Ruehli, and A. Cangellaris. Enhanced skin effect for
partial-element equivalent-circuit (PEEC) models. IEEE Transactions on Mi-
crowave Theory and Techniques, 48(9):1435–1442, September 2000.

[43] Gian L. Bona, Bert J. Offrein, Urs Bapst, Christoph Berger, Rene Beyeler,
Russell Budd, Roger Dangel, Laurent Dellmann, and Folkert Horst. Charac-
terization of parallel optical-interconnect waveguides integrated on a printed

126



10 Bibliography

circuit board. In Proceedings of SPIE — Micro-Optics, VCSELs, and Photonic
Interconnects, volume 5453, pages 134–141, 2004.

[44] B. Lunitz, J. Guttmann, H.-P. Huber, J. Moisel, and M. Rode. Experimental
demonstration of 2.5 Gbit/s transmission with 1 m polymer optical backplane.
Electronics Letters, 37(17):1079, August 2001.

[45] C. Svensson. Electrical interconnects revitalized. IEEE Transactions on Very
Large Scale Integration (VLSI) Systems, 10(6):777–788, December 2002.

[46] Stephen C. Hall, Garret W. Hall, and James A. McCall. High-speed digital
system design. John Wiley & Sons, 2000.

[47] E. Griese. Modeling of highly multimode waveguides for time-domain simula-
tion. IEEE Journal of Selected Topics in Quantum Electronics, 9(2):433–442,
2003.

[48] Hiroshi Nishihara, Masamitsu Haruna, and Toshiaki Suhara. Optical Integrated
Circuits. Optical and electro-optical engineering. McGraw Hill, 1987.

[49] Hoyeol Cho, P. Kapur, and K.C. Saraswat. Power comparison between high-
speed electrical and optical interconnects for interchip communication. Journal
of Lightwave Technology, 22(9):2021–2033, 2004.

[50] Anand M. Pappu and Alyssa B. Apsel. Analysis of intrachip electrical and
optical fanout. Applied Optics, 44:6361–6372, October 2005.

[51] Davis H. Hartman, Gail R. Lalk, James W. Howse, and Krchnavek Robert R.
Radiant cured polymer optical waveguides on printed circuit boards for photonic
interconnection use. Applied Optics, 28(1):40–47, January 1989.

[52] Adam Singer. NEMI Cost Ananlysis: Optical Versus Copper Backplanes Part
I: Benchmarking Copper, 2004. URL http://thor.inemi.org/webdownload/
newsroom/Presentations/Opto_Copper_APEX04.pdf.

[53] E. Griese. A high-performance hybrid electrical-optical interconnection technol-
ogy for high-speed electronic systems. IEEE Transactions in Advanced Packag-
ing, 24(3):375–383, August 2001.

[54] Global Information Inc. [Report] High-Speed Optical Data Link Modules:
Market Review and Forecast 2002 (1 Gb/s and Above), January 2003. URL
http://www.gii.co.jp/english/su9189_high_speed_optical.html.

[55] Mindbranch. Backplane transceiver market opportunities, market forecasts, and
market strategies, 2004-2009, August 2004. URL http://www.mindbranch.
com/products/R49-197.html.

127



10 Bibliography

[56] Mindbranch. Internal optical interconnect components & subsystems global
market forecast, August 2001. URL http://www.mindbranch.com/products/
R56-121.html.

[57] Mindbranch. Multifiber transmit links & components forecast, June 2004. URL
http://www.mindbranch.com/products/R56-154_toc.html.

[58] ElectroniCast Corporation. Multifiber transmit links and components, July
2004. URL http://electronicast.ecnext.com/coms2/summary_0254-209_
ITM.

[59] BPA Consulting. Electrical & Optical Backplanes A Worldwide Market and
Technology Review 2005-2010, May 2005. URL http://www.bpaconsulting.
com.

[60] Jeff O. Montgomery. Optical backplanes show dynamic growth potential. Light-
wave, 17(3):182, March 2000.

[61] Optical information and communication technology. Electrical and
Optical Backplanes - An Industry in Transition — Conclusions of
the BPA Consulting market analysis report, December 2004. URL
http://www.global-electronics.net/id/23264/CMEntries_ID/70994/
cubesig/59c4f7a5b0e1fe44b8d8953b6dadd66c.

[62] M. Forbes, J. Gourlay, and M. Desmulliez. Optically interconnected electronic
chips: a tutorial and review of the technology. Electronics & Communication
Engineering Journal, 13(5):221–232, 2001.

[63] Jörg Moisel, Joachim Guttmann, Hans-Peter Huber, Barbara Lunitz, Manfred
Rode, Reinhold Schoedlbauer, and Richard Bogenberger. Polymer waveguides
for 100cm (40”) optical backplanes. In Proceedings of SPIE — Design and
Fabrication of Planar Optical Waveguide Devices and Materials, volume 4805,
pages 98–105, 2002.

[64] Louay Eldada. Polymer integrated optics: Promise vs. practicality. In Pro-
ceedings of SPIE — Organic Photonic Materials and Devices IV, volume 4642,
pages 11–22, 2002.

[65] Jeong Hwan Song, Kyoung-Youm Kim, Jaegeol Cho, Dongkyoon Han, Joohoon
Lee, Yu Sheop Lee, Suntae Jung, Yunkyung Oh, Dong-Hoon Jang, and
Kyung Shik Lee. Thin film filter-embedded triplexing-filters based on direc-
tional couplers for ftth networks. IEEE Photonics Technology Letters, 17(8):
1668 – 1670, 2005.

[66] M. Itoh, I. Yoneda, J. Sasaki, H. Honmou, K. Fukushima, and T. Nagahori.
Self-aligned packaging of multichannel photodiode array module using ausn sol-
der bump flip-chip bonding. In EuPac ’96. 2nd European Conference on Elec-

128



10 Bibliography

tronic Packaging Technology and 8th International Conference on Interconnec-
tion Technology in Electronics, pages 75–77, Essen, Germany, 1996. Deutscher
Verlag fur Schweisstechnik.

[67] Hong Ma, Alex K.-Y. Jen, and Larry R. Dalton. Polymer-based optical waveg-
uides: Materials, processing, and devices. Advanced Materials, 14(19):1339–
1365, October 2002.

[68] M.R. Poulsen, P.I. Borel, J. Fage-Pedersen, J. Hubner, M. Kristensen, J.H.
Povlsen, K. Rottwitt, M. Svalgaard, and W. Svendsen. Advances in silica-based
integrated optics. Optical Engineering, 42(10):2821–2834, October 2003.

[69] Fengnian Xia, Vinod M. Menon, and Stephen R. Forrest. Photonic integration
using asymmetric twin-waveguide (atg) technology: Part i - concepts and theory.
IEEE Journal on Selected Topics in Quantum Electronics, 11(1):17 – 29, 2005.

[70] One Art Design Anvik Corporation. Anvik corporation — home, May 2003.
URL http://www.anvik.com/.

[71] S. Esener and P. Marchand. Present status and future needs of free-space optical
interconnects. Materials Science in Semiconductor Processing, 3(5/6):433–435,
2000.

[72] Andrew G. Kirk, David V. Plant, Ted H. Szymanski, Zvonko G. Vranesic,
Frank A.P. Tooley, David R. Rolston, Michael H. Ayliffe, Frederic K. Lacroix,
Brian Robertson, Eric Bernier, and Daniel F. Brosseau. Design and imple-
mentation of a modulator-based free-space optical backplane for multiprocessor
applications. Applied Optics, 42(14):2465–2481, 2003.

[73] H̊akan Forsberg. HiSPOT: The offical homepage of HiSPOT (High Speed Op-
toelectronics for Optical Interconnects) within CHACH (Chalmers Centre for
High Speed Technology), September 2003. URL http://www.ce.chalmers.
se/~rapid/hispot/.

[74] M.I. Cohen and C. Jagadish. It’s all about speed. IEEE Circuits and Devices
Magazine, 20(1):38–43, 2004.

[75] Manfred Jarczynski and Jurgen Jahns. Planar integrated free-space optics for
optical interconnects and fan-out/in operations. In Proceedings of SPIE —
Photonic Devices and Algorithms for Computing VI, volume 5556, pages 15–26,
Denver, CO, United States, 2004.

[76] Xuliang Han, Gicherl Kim, G. Jack Lipovski, and Ray T. Chen. An optical
centralized shared-bus architecture demonstrator for microprocessor-to-memory
interconnects. IEEE Journal on Selected Topics in Quantum Electronics, 9(2):
512–517, 2003.

129



10 Bibliography

[77] Chunhe Zhao, Tchang-Hun Oh, and R.T. Chen. General purpose bidirectional
optical backplane: high-performance bus for multiprocessor systems. In Pro-
ceedings of the Second International Conference on Massively Parallel Process-
ing Using Optical Interconnections, pages 188–195, October 1995.

[78] Gicherl Kim and Ray T. Chen. Characterization of a bi-directional optical
backplane and performance enhancement with multi-bus lines. In Proceedings
of SPIE — Optoelectronic Interconnects VI, volume 3632, pages 85–95, April
1999.

[79] Gicherl Kim and Ray T. Chen. Three-dimensionally interconnected multi-bus-
line bidirectional optical backplane. IEEE Photonics Technology Letters, 11(7):
880–882, July 1999.

[80] Gicherl Kim, Xuliang Han, and Ray T. Chen. An 8-Gb/s optical backplane
bus based on microchannel interconnects: design, fabrication, and performance
measurements. Journal of Lightwave Technology, 18(11):1477–1486, November
2000.

[81] Xuliang Han, Gicherl Kim, and Ray T. Chen. Demonstration of the central-
ized optical backplane architecture in a three-board microprocessor-to-memory
interconnect system. Optics and Laser Technology, 35(2):127–131, March 2003.
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