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Abstract

This thesis reports the main results in photonic module integration using silicon,
multilayer ceramic and plastic technologies.

In order to implement high-performance photonic modules the accurate
alignment between critical devices and components is very essential. Cost-
efficient photonic modules in volume production can be achieved, when the
alignment of devices and components is implemented passively. Utilization of
lithographic manufacturing process in silicon processing ensures that the
required alignment tolerances between devices are well possible to achieve with
photonic modules. The capability of silicon technology to produce a
monolithically integrated photonic sensor system, a miniaturized infrared (IR)
spectrometer, is studied and evaluated in this work.

The capability of a multilayer ceramics substrate to act as an optical platform for
a miniature profilometer and an optical bench for passive alignment of laser chip
and fiber is evaluated. The components of the miniature profilometer are aligned
below +/- 100 um transverse tolerance passively, which enables operational
sensor module implementation. The multilayer ceramic optical bench substrate
demonstrates transverse passive alignment tolerances of 3 ... 10 um in laser-to-
fiber coupling. The tolerances are at adequate level for multimode couplings, but
inadequate for single-mode couplings.

Transverse alignment tolerances below +/-60 pm are achieved between source
and lens surface using in-mold integration with a novel VCSEL illuminator. In
addition, a fully operational microscope lens system for Nokia 6630 mobile
phone using in-mold integration is designed, implemented and evaluated.
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1. Introduction

1.1 Background and motivation

The performance of electronic circuits based on silicon integrated circuit (IC)
technology doubled every twelve months in the 1960s and every twenty-four
months in the 1970s (Moore, 1998). This exponential progress is frequently used
as an example of the rapid and still ongoing evolution of microelectronics. Each
reduction in the typical device feature size of most very-large-scale-integration
(VLSI) circuits has meant that more gates could be fabricated in the unit area of
a chip. The feature and device size reduction development is known as Moore’s
law and it has implied an increase in the internal computational bandwidth of the
chips. State-of-the-art Intel Xeon processor is implemented using 65-nm 8-metal
silicon technology and it has a total of 1.3 billion transistors (Chang et al., 2008).

Connections between VLSI chips to one another with wire interconnects,
however, is insufficient because the aggregate communication bandwidth of the
wire links is only a small fraction of the internal bandwidth of the chips (Towe,
2000). The wire interconnections are not likely to meet the chip-to-chip and
board-to-board communication needs of future high-performance systems. Use
of optics at the chip-to-chip and board-to-board interconnections is being
explored by a number of groups and it is seen as promising alternative for
interconnections (Liu et al., 2000). An optical integrated circuit (OIC) is a thin-
film-type optical circuit designed to have a certain function by integration of a
laser diode, switches/modulators, waveguides and photo detectors, on a single
substrate. OICs have been divided into three types from the standpoint of
materials. Features of each type are shown in Fig. 1.
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Fig. 1. Features of main types of optical integrated circuits (Nishihara et al., 1989).

When three basic components — source, waveguide, and detector — are all
integrated on a single substrate, the device is called a monolithic optical IC.
When the three components are made of three different materials, the device is
called a hybrid optical IC. For example, in a hybrid optical IC the source, the
waveguide, and the detector are made of compound semiconductor and dielectric
materials, such as glass or LiNbQOs, and silicon, respectively. A quasi-hybrid or
quasi-monolithic IC is an intermediary between the monolithic and hybrid ICs.
For example, in the IC, the source is made of a compound semiconductor and
photodiodes are integrated on a Si substrate (Nishihara et al., 1989).

The optical integrated circuit (OIC) concept was created in the 1980s and it has
generally been replaced by a photonic integrated circuit (PIC) concept. Photonic
integrated circuits (PICs) based on monolithic indium phosphide (InP) are seen
among the best candidates to possibly meet sufficient functionality, performance
and cost reduction to offer compelling solutions for communications networks
(Forbes et al., 2001; Nagarajan et al., 2005). Since the early proposals for
photonic integration, the development of InP PIC technology has been relatively
slow. Monolithic integration of numerous devices and functions, while at the
same time minimizing process complexity, has proven challenging from a design
standpoint due to requirements associated with active/active and active/passive
transitions, electrical and optical isolation, and compromises in discrete device
performance (Nagarajan et al., 2005).

The fundamental difficulty to process an effective light source based on silicon
is due to an indirect band-gap of the material. On the other hand, several
compound semiconductor materials, such as GaN, GaAs and InP, have a direct
band-gap, which makes it possible to process efficient light sources using these
materials. As silicon electronics will continue to be the dominant technology for
computing and as photonics based on the use of compound semiconductor
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technologies will dominate in communications, the effective integration of these
two technologies in optical interconnection systems is extremely alluring. The
effective integration of silicon VLSI electronics technology with compound
semiconductor photonics technology, however, seems to be impractical due to
the incompatibility of these two processing technologies. In addition, novel
processing technologies based on the use of silicon are not capable in the near
future, maybe never, to produce efficient and commercially feasible light
sources (Ng et al., 2001; Castagna et al., 2003). Effective integration of silicon
electronics technology with photonics technology for manufacturable, practical
and cost-efficient chips seems to be impossible in the near future and hybrid
integration technologies still seem to be needed.

The present silicon processing industry produces a diverse spectrum of
integrated circuits in electronics including amplifiers, converters, multiplexers
and processors. The traditional electronic package hierarchy for microelectronics
products can be listed as follows (Tummala & Rymaszewski, 1989).

1. IC chips are packaged to a chip capsule, a module, in the first level of
packaging.

2. Modules are assembled on multilayer cards in the second level of
packaging.

3. Cards are assembled on boards in the third level of packaging.

4. Boards are assembled in gates and interconnected by pluggable cables in

the fourth level of packaging.

Compound semiconductor processing industry produces effective solid state
emitters, such as light emitting diodes (LEDs), laser diodes (LDs) and detectors
utilized in various sensing and communication applications. In the packaging of
hybrid integrated photonic modules, the bare semiconductor devices have to be
refined to the component level by implementing essential internal and external
electrical, optical, mechanical and thermal interfaces in a packaging process, as
well as protection against environmental stresses, such as electro-magnetic
interference, thermal variations, mechanical vibrations and shocks. The
encapsulation of the bare devices also provides a shield against humidity, dust
and corrosive chemicals in order to ensure reliable operation of devices. It is also
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possible to pass component or sub-module packaging level and apply bare
semiconductor devices in module implementations (Paper I, Paper 111, Paper IV,
Paper V, Paper VI).

The bonding and encapsulation of the source and detector devices is an essential
part of photonic module integration, but the integration contains also
implementation of functionalities needed in the application. Implementation of
functionalities typically requires the adding of several different types of optical
components, such as filters and lenses, to the system. Effective integration
technologies to solve efficiently light coupling challenges from chip-to-chip and
board-to-board are pursued for photonic communication solutions, especially in
single-mode applications, where sub-micrometer alignment accuracy between
devices is required. In several other applications light coupling challenges are
diverse, but typically the required alignment accuracy between devices is not as
high as in communication applications.

Optical interconnections is one very important application area for photonic
modules, but the use and importance of photonics is steadily increasing in
medical, lighting, automotive, security/biometrics, consumer electronics and
sensors in general as well. Several hundreds millions mobile phones containing a
camera module are sold annually and the annual growth rate is typically around
ten percent. At the supermarkets most of the tills work in conjunction with
optical bar code scanning systems. Music and movies are available on CD and/or
DVD players and computers store data on optical disks. Information from the
disks is read using laser diodes and sophisticated optics. Cars are generally
equipped with brake and tail signals implemented with LED lamps. In addition,
the car indoor lighting is increasingly implemented with LED lamps and use of
LEDs is making breakthrough in head lamps. Different kind of optical sensors
are widely used in applications which require high sensitivity and resolution,
non-contact measurement principle and interference free operation. Some novel
sensor and illumination module demonstrators are presented and evaluated in
this thesis.
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1.2 Scope and objectives of the thesis

Photonic module manufacturers pursue packaging and manufacturing
technologies capable of producing modules that are miniature, stable over the
long-term, precise and cost-effective. The main objective of the thesis was to
develop and apply novel packaging technologies for photonic module integration
in order to meet the pursued requirements of the manufacturers. The discussion
concerning prototype designs and implementations in this thesis is restricted to
issues of the first level packaging, that is, module packaging (Tummala &
Rymaszevski, 1989). Here the photonic devices, optical elements, electrical
components in chip or submount form, and the mechanical parts are integrated
into a single module. In real-life communication and sensor applications the
module will first be assembled onto a printed circuit board that will then be
typically inserted into the instrument cabinet. The issues relating to the
packaging of these second and third levels have been left out of this thesis.

The corner stone defining the final photonic module performance is how
precisely the alignment between devices and components is implemented.
Photonic modules can require one to two decades tighter alignment tolerances
than electronic modules, which typically require around +/- 100 um tolerances
for ensuring electrical connections between components. Multimode photonic
devices can require below +/- 5 um tolerances and single mode devices can
require sub-micron tolerances for optical couplings. In addition, the required
tolerances of optical parameters, such as, lens curvatures can be below +/- 5 um.
The primary objective of this thesis was to study how well the required optical
couplings in photonic modules can be implemented passively utilizing silicon,
ceramic and plastic technologies.

Monolithic integration seems to offer the most cost-effective technology to
produce high-performance photonic modules. Utilization of lithographic
manufacturing process ensures that the required alignment tolerances between
devices are well possible to achieve in photonic modules. The required tight
internal structure tolerances are achieved as well. One objective of this thesis is
to evaluate the capability of silicon processing technologies to produce
monolithically integrated sensor module for sensing applications.
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Hybrid technologies can still satisfy many near-term needs for the photonic
module manufacturing in applications, which are not possible to implement
using monolithic integration. Another objective of this work was to develop and
test promising hybrid integration technology candidates, such as ceramic and
plastics technologies, for photonic module implementation.

The multilayer ceramic technology was studied and developed in order to
implement passive alignment of bare laser chip and fiber using precision
substrates with accurate alignment structures. The passive alignment of devices
typically requires less time than the active alignment. The overall construction in
the passive alignment is simple and it typically requires fewer components than
the active alignment construction and is therefore lower cost than active
alignment. One of the objectives in this thesis was to characterize achieved
passive alignment accuracy of the laser chip and the fiber using developed
alignment structures on the multilayer ceramic precision substrate.

Another interesting candidate for photonic module integration was the plastic
technology. The plastic integration method, in which bare photonic chips were
assembled on electronic substrates and these sub-assemblies were used as
electronic inserts in the injection molding process in order to effectively
integrate electronics, optics and mechanics, was seen as a very potential
integration method for photonic sensor modules. The most important objectives
in this part were evaluation of the operational yield of the encapsulated photonic
chips and evaluation of the injection-molded optics performance and achieved
alignment tolerances in plastic-integrated modules.

1.3 Contribution of the thesis

This thesis merges information on the areas of monolithic, pseudo-monolithic
and hybrid integration technologies for photonic modules to achieve required
optical coupling between devices using passive alignment and introduces six
different photonic module prototypes produced using silicon, ceramic and plastic
technologies. The main elements of this thesis are:

—  This thesis reviews the monolithic, pseudo-monolithic and hybrid integration
technologies for photonic module manufacturing and introduces capability
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of silicon technology to produce a monolithically integrated IR spectrometer
module.

This thesis presents the use of a low-temperature co-fired ceramic
(LTCC) substrate to produce an accurate assembly platform for a sensor
module. The results show that it is possible to accurately attach the
photonic devices to the substrate, tool the optomechanics using a five-
axis NC machine and attach the substrate and optical components to the
optomechanics so that the maximum transverse alignment tolerance
between critical components is below +0.1 mm.

The thesis shows that the LTCC substrate can be equipped with
alignment structures capable of producing alignment tolerance of 3...10
um between fiber and laser diode using passive alignment in packaging.
The achieved alignment accuracy is adequate for multimode applications but
inadequate for single-mode applications.

The thesis presents the use of an LTCC substrate as an integral part of a
hermetic passively aligned laser module. The measured leak rate for the
dummy modules using a buffer stripped fiber without a rubber guard
tube is 3 x 107 ... 1 x 10® atm x cm’/s. The maximum allowed leak rate
for that size of hermetic module is 1 x 107 atm x cm’/s. The measured
leak rate proves that the developed packaging is hermetic.

The thesis introduces plastic integration technology in which different
substrates, such as polymer foils, can be equipped with photonic devices
and these sub-modules can be used as inserts in injection molding
process in order to add optical and mechanical functions to the modules.
Novel VCSEL illuminator and microscope modules are demonstrated by
encapsulating the bare emitter chips on FR4 substrates in optical
polymer and processing the lens surfaces at the same time in injection
molding process. Lens surface is molded on top of a source below +/- 60
um transverse alignment tolerance, which is adequate level for the
application. It is noticed that the high accuracy requirements for imaging
lenses can be attained through mold modifications and process
parameter iterations for the final production. The demonstrated
manufacturing method seems to be a very cost-effective way to produce
photonic modules in volume production.
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2. Main integration types for photonic
modules

2.1 Monolithic integration

In the monolithic integration all of the devices in a circuit are formed in a single
substrate, and in a manner that is compatible with simultaneously processing
large batches of full wafers, each containing numerous individual circuit chips
(Towe, 2000). In the monolithic integration of photonics system-on-chip, the
light generation, guiding and detecting structures are possible to implement
using compound semiconductor processes based on GaAs or InP materials in a
single substrate. The realization of fully silicon based photonics system is very
alluring due to the possibility to utilize existing silicon production infrastructure
and its capability to produce high performance control and signal processing
ICs. It is not feasible, however, to process an effective light source based on
silicon due to an indirect band-gap of the material.

Photonic integrated circuits (PICs) focus primarily on the monolithic integration
of optically interconnected guided-wave optoelectronic devices (Koch & Koren,
1991). The principal motivation for the PIC research has been the expected cost
reduction and package robustness associated with replacing individually aligned
single-mode optical connections between discrete optoelectronic devices with
lithographically produced integrated waveguides. InP technology is capable of
producing monolithically integrated light sources, waveguides and sensors. The
InP semiconductor and its lattice-matched quaternary compound semiconductors
(GalnAsP, GalnAlAs) is thought to be the most appropriate material system for
mobile and satellite communication networks (Kaiser & Heidrich, 2002).

The main devices implemented on the PIC demonstrators are laser diode
(Coldren & Corzine, 1995), modulators (Hofstetter et al., 1998; Asaka et al.,
2003) and couplers (Liu et al., 2000; Taillaert et al., 2002). The basic building
block for monolithic PIC on InP is a vertically tapered spot-size-converter (SSC)
in order to allow low-loss and loose alignment tolerance in laser light coupling
from InP waveguides to optical fibers or planar waveguides such as silica on Si
waveguides on hybrid planar waveguide circuits (PLCs) (Moerman et al., 1997).
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The capability of gallium arsenide (GaAs) technology to produce monolithic
integrated and optoelectronic-friendly VLSI alternative to silicon was developed
in the early 1990s. The development was made possible by the fact that
researchers got access to GaAs foundry services such as the H-GaAs metal-
semiconductor field effect transistor (MESFET) process. The GaAs VLSI
presented a possible solution for producing monolithically integrated optoelectronic
circuits (Wang et al, 1997). The idea in the processing was to grow
optoelectronic heterostructures epitaxially on processed integrated circuit wafers
on which the dielectric layers insulating the levels of interconnect metal and
passivating the devices have been removed from the regions in which the
devices are to be integrated, so that the underlying substrate is exposed.
Optoelectronic devices can then be grown in these dielectric growth windows
(DGWs). The cross-sectional sketch of a DGW growth and cleaning and
preparation for epitaxy is shown in Fig. 2.
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Fig. 2. A cross-sectional sketch of a dielectric window growth (a) and after
cleaning and preparation for epitaxy (b) (Towe, 2000).

In the process, the devices are connected electrically to the pre-existing
electronic circuitry. This process is called epitaxy-on-electronics (EoE) and is
described in the literature.(Ahadian et al., 1998). In Fig. 3 the key points of EoE
process are shown.
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Fig. 3. Key points in the EoE process: (a) the processed GaAs wafer with growth
wells and completed electronics, (b) after epitaxial layers growth and prior to
removal of the polycrystalline deposits; (c) optoelectronic device processing and
integration with electronics completed (Towe, 2000).

Several optoelectronic structures can be processed in the standard integrated
circuit process, which results in useful photo detectors. The optical absorption
coefficient of GaAs increases relatively rapidly above the band edge and to a
higher value than in the case of silicon. This causes a substantial amount of
absorption to occur within the relatively thin active device regions near the
surface and very little light to penetrate deeply within the wafer.

The most sensitive structure is the photo detector based on the H-GaAs process,
such as the optical field effect transistor (OPFET). The OPFET is an
enhancement-mode MESFET. It is based on the photovoltaic effect of the light
on the back gate diode of the MESFET, which modulates the channel conductance.
The OPFET is a relatively slow device, with bandwidths typically being 10 to
100 kHz (Ahadian et al., 1998).

26



The much faster H-GaAs photo detector is a metal-semiconductor-metal (MSM)
detector. It is made using the gate Schottky diode metal in an interdigitated
finger pattern over a channel implant. In the standard H-GaAs process the
exposed regions between the fingers are ion implanted with the source/drain
implant dose which reduces the sensitivity of the detector significantly. Adding a
masking step to the process to block the implant in these regions improves the
MSM sensitivity. MSM photo detector bandwidth of 4 GHz is demonstrated.
The commercial process, however, requires substantial additions to realize a
high performance MSM photo detector (Giziewicz et al., 2004).

Monolithically integrated InGaP LEDs have been processed on GaAs substrates
using epitaxy-on-electronics (EoE) technology (Hall et al., 1999). EoE technology
has been applied to create a neural network based on smart pixel implementation.
The experimental results demonstrate limitations in the performance of the
detectors and LEDs for use in a full-scale implementation.

EoE integrated vertical-cavity surface-emitting lasers have not been actively
pursued, because the focus has been instead on integrating VCSELs by aligned
pillar bonding (APB) (Fonstad, 2001). It should be noticed that APB VCSELs
involve the same processing after the heterostructures are bonded in the DGWs
as do the EoE VCSELSs after epitaxy and removal of the polycrystalline deposits.
It seems that the technology developed for APB VCSEL processing will apply
for EOE VCSELs as well. The main disadvantages of APB technology are lack
of large GaAs or InP wafers and low efficiency in the use of the epitaxial
material (Fonstad, 2001). In Fig. 4 the APB process is shown.
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Fig. 4. The APB process: (a) the processed IC wafer and p-side down VCSEL
wafer; (b) the p-side down VCSEL wafer with pillars etched to match the
windows on the IC wafer; (c) after bonding of the VCSEL and IC wafer, (d) after
removal of the substrate of the VCSEL wafer leaving VCSEL heterostructures
bonded in the windows (Towe, 2000).

Other devices implemented by the EoE integration on GaAs ICs are resonant
tunneling diodes (RTDs) and self-electro-optical devices (SEEDs) (Wang et al.,
1997).

The capability of silicon processing to produce monolithically integrated IR
spectrometer was studied in this thesis. A miniaturized multipurpose IR
spectrometer module (Paper [) comprises three silicon micromachined
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components: an electrically modulated thermal infrared emitter, an electrically
tunable Fabry-Perot interferometer (FPI) and a photo detector. The infrared
emitter and a photo detector are monolithically integrated into a silicon
substrate. In addition, an integrated circuit (IC) chip is die-bonded and wire-
bonded and an FPI flip-chip bonded on a silicon substrate.

The implemented IR spectrometer module can be considered to be an example
of the achievable monolithic integration level of MOEMS using silicon
processing. Source and detector are monolithically integrated to the substrate,
but the system does not contain waveguide at all, but instead a free-space
propagation path. In addition, the dispersive device is flip-chip bonded and the
pre-amplifier chip is die-bonded to the substrate. Therefore, the implementation
can be considered to be a quasi-hybrid or pseudo-monolithic.

The development of silicon processing technology has now enabled integration
of the GSM/GPRS radio of a mobile phone on a single chip using 90 nm CMOS
silicon technology, which makes the implementation extremely miniature and
cost efficient (Muhammad et al., 2005). On the other hand, a fully monolithically
integrated system containing photonic structures generating, manipulating and
sensing light and implemented together with signal processing, computing and
control sections into a single chip has not yet been successfully implemented, at
least not for industrial applications.

The quasi-hybrid or pseudo-monolithic photonic integrated circuit is an
intermediate between the monolithic and hybrid photonic integrated circuit
(Nishihara et al., 1989). The pseudo-monolithic integration techniques so far
combine all the best features of monolithic integration with the flexibility and
universality of hybrid integration (Towe, 2000).

2.2 Hybrid integration

The hybrid integration of an optical interconnection system is possible to
perform by processing a compound-semiconductor-based emitter and detector
wafers and silicon-based complementary metal oxide semiconductor (CMOS)
driving and processing electronics wafers in specific separate manufacturing
processes. The devices on wafers are diced apart and the module integration is
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possible to perform by bonding discrete devices on an electronic substrate,
which is typically assembled in a metal casing. The electronic substrate and the
casing are then equipped with needed optical, electrical, mechanical and thermal
interconnections and encapsulation for the devices in the packaging process.

The possible electronic substrates used in the optical interconnections include
flame retardant 4 (FR4) glass fiber reinforced epoxy, flexible polymer, printed
electronics and low-temperature co-fired ceramics (LTCC) substrate. Typically,
the same kind of assembly methods for devices to the substrates can be used, but
the main characteristics of the substrates and possible applications can vary a lot.
The FR4 substrate is commonly used in various electronics applications and its
overall performance is good for optical interconnect and photonic applications.
The more heat resistive material FRS is also commercially available.

Flexible printed circuit polymer materials include polyimide (trade name
Kapton), polyethylene, polyacrylate, polycarbonate and polyester. The operation
temperature of polyimide is the highest, about 260°C and it is lead-free assembly
process compatible. Polyimide foils can be used as electronic substrates with
surface mount technology assembly systems.

Polytetrafluoroethylene (PTFE) is another high temperature polymer material
and it can be reinforced with glass fiber. PTFE was originally developed by
DuPond and its trade name is Teflon. Its properties start to degrade when
temperature increases above 260°C. PTFE has excellent dielectric properties and
it is used at high radio frequencies, making it suitable for use as an insulator in
cables and connectors and as substrate material for microwave applications (Pal
et al., 2005).

Liquid crystal polymer (LCP) material can also be utilized in electronic
packages produced by injection molding. LCP polymer compounds combined
with ancillary materials, such as metal lead frames and adhesives, which
combine to produce a range of cavity package configurations that can compete
in the same performance arena as ceramics (Ross, 2004).

Plastic-compatible printed conductor process using gold nanocrystals is

demonstrated (Huang et al., 2003). The main advantage of using nanoparticles is
that patterning of the substrates can be annealed at a low temperature. This
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enables the use of very low-cost substrate materials in extremely cost-sensitive
applications. The main difference compared to a traditional flexible substrate
patterning is that additive processes such as gravure printing and inkjet instead
of metallization patterning through lithography and etching can be utilized. The
main advantages of the printed electronics substrates are high-speed production
capability combined with low-cost and low-complexity manufacturing.

Low-temperature co-fired ceramics (LTCC) technology have typically been
utilized to implement various radio frequency (RF) and microwave systems,
such as a compact Bluetooth system module (Yeung et al., 2006) and a compact
transmitter module for 62 GHz wireless terminals applications (Lee & Park,
2007). A wireless transceiver front-end including antenna operating at 5-6 GHz
has also been implemented in LTCC technology (Pergola et al., 2007). The
front-end is demonstrated with an optical interface in the application. The optical
interface is implemented on a silicon motherboard and the modulated optical
carrier is transmitted at 1.55 um wavelength. The front-end module can be used
in wireless local area networks, such as IEEE 802.11a or HIPERLAN?2 requiring
a direct link to an optical backbone. The main benefits of using LTCC in these
applications have been multilayer integration capability, excellent metal
conductivity, low attenuation characteristics and temperature coefficient of
expansion of substrate material close to semiconductors such as silicon and
GaAs.

The LTCC technology can also be utilized in hybrid integrated photonic module
implementations (Heikkinen et al., 2005; Paper 11, Paper III, Paper IV, Paper V).
Low conductor resistance and dielectric loss, multilayer structures with fine-line
capability, hermetic sealing capability (Paper IV), and the ability to integrate
passive electrical components such as resistors, capacitors and inductors into the
substrate make LTCC a useful technology for optical interconnection
applications. In addition, the fair match of the thermal expansion coefficient to
optoelectronic chips reduces thermo-mechanical stresses induced by packaging.
The precision three-dimensional (3-D) structures — such as cavities, holes, and
grooves — manufactured in the substrates enable passive alignment of devices
(Hiltunen et al., 2002; Paper III, Paper IV). The LTCC manufacturing process is
shown in Fig. 5. First, glass ceramic tape sheets are blanked to the specified
panel size. Second, the sheets are punched in order to form via holes. Via holes
are metallized to create electrical interconnects between layers. Cavities and
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grooves can be processed by via punching. The next step is patterning of
electrical conductors and passive circuits onto each layer using screen-printing
or photo imaging. The final steps are layer lamination, firing below a
temperature of 980°C, processing of photo-imaged grooves and circuit dicing.
Relatively low sintering temperature allows the use of noble metal conductor
materials such as silver and gold.

Sheet blanking i Via metallisation
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- Fiber Grooves
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Photoimaged fiber grooves and lamination

L

Fig. 5. LTCC manufacturing process.

Fiber grooves can be processed by punching or by lithography using photosensitive
materials to the substrates. The use of passive alignment in the production of hybrid
integrated modules is especially advantageous in Volume production, due to the fact
that the concept is simple and fast (Hunziker et al., 1995).

Silicon micromachining technologies that are used in the microelectronics
industry are widely applied to tool high precision silicon substrates for passive
alignment of fiber optic subassemblies. The accuracy of silicon substrates is
adequate for the passive alignment of single mode photonic devices and
components (Armiento et al., 1991; Sunaga et al., 2000; Uekawa et al., 2003).

Another possible technology for producing high precision structures with high

aspect ratios and great structural heights with tight tolerances is LIGA (Malek &
Saile, 2004). Classical LIGA technology based on x-ray deep-etch lithography is
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characterized by aspect ratios up to 100, lateral features size of 1 um and side
wall surfaces as smooth as 50 nm of root mean square (RMS) roughness
(Pantenburg et al., 1998). The LIGA process has been utilized to produce micro-
optical benches for the passive alignment of devices (Muller et al., 1996; Schift
and Sochtig, 1998) and mold inserts for fiber optic passive alignment substrate
replication (Karioja et al., 2000). However, the high cost of the mask production
for the LIGA master limits the application of LIGA to systems that are not cost-
sensitive or are produced in a very large volume (Rode & Hillerich, 1999).

Medium and low volume production pursues methods with high flexibility and
low processing cost. In order to meet the processing cost requirement for
medium and low volume production of alignment substrates, a concept in which
alignment grooves are embossed into metallic substrates has also been suggested
(Rode & Hillerich, 1999).

The LTCC technology is applicable also to low and medium volume applications
due to the fact that process-related initial and mask costs are typically moderate
compared to silicon and LIGA processes (Paper I11).

The LTCC panel manufacture and component assembly are realized using
standard high Volume applicable production methods, such as screen printing,
flip-chip assembly of devices and surface mount assembly and reflow soldering
of discrete components. The use of standard high volume production methods
enables competitive electronics integration on a hybrid platform comprising
alignment structures for passive alignment of fiber and laser diode for high
volume applications (Paper III, Paper IV).

The sub-section of hybrid integration technologies closer to monolithic integration
than traditional hybrid integration is called heterogeneous optoelectronic
integration. Heterogeneous integration attempts to develop basic technologies
necessary for optical interconnections, which are based on wafer scale packaging
(Towe, 2000). The basic idea in heterogeneous integration technology is the
combination of silicon and photonic materials by epitaxy or by bonding (Jokerst
et al., 2003). Material properties, such as crystal lattice structure and coefficient
of thermal expansion (CTE), are critical for reliable heterogeneous integration.
Typical epitaxy temperatures are 600°C and 750°C for GaAs by molecular beam
epitaxy (MBE) and metal organic chemical vapor deposition (MOCVD),
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respectively, and 1000°C, or more, for Si by chemical vapor deposition (CVD).
It is obvious that the epitaxial layer will be under severe stress when the layer is
cooled down to room temperature. The minimum thickness of the
heterostructure layer of several hundred nanometers is needed for GaAs-based
devices. On the other hand, a GaAs layer that is much more than a hundred
nanometers thick cracks easily, when the wafer temperature has decreased from
process temperature to room temperature.

If the material combination is made by bonding, the CTE problem still has to be
solved. Wafers bonded together and heated or cooled several hundred degrees
from the bonding temperature can confront destructively large stresses. As an
example, if Si and GaAs wafers four inches in diameter are hydrophilically
bonded together or even simply epoxied at room temperature and the
temperature of the bonded pair is then increased, there will be significant
stressing and bowing of the pair until one or both of the wafers breaks at
approximately 335°C (London et al., 1999).

Functional amorphous silicon thin-film transistors have been processed on
polyimide substrates (Hsu et al., 2002). This kind of development work can be
considered to pave the way for heterogeneous integration based on the
combination of polymer electronics substrate and epitaxial silicon tooling of
signal processing electronics.

34



3. Manufacturing technologies for optics
and opto-mechanics for photonic modules

3.1 Silicon surface micromachining

A silicon surface micromachining process, in which micro-optical devices are batch-
fabricated on the surface of a silicon wafer, offers very promising production techniques
for micro-optical devices and systems. The used production technologies typically
employ the emerging micro-electro-mechanical-systems (MEMS) technologies.
When MEMS technologies are used to implement optical components, the
technology is called micro-opto-electro-mechanical-systems (MOEMS) (Wu,
1997).

Silicon surface micromachined optical components are intended to facilitate
automated packaging of optoelectronic devices and subsystems, hence substantially
lowering the overall packaging costs of products. Silicon-optical-bench (SOB)
technology, commonly used to align optical systems on a silicon substrate using
etched V-grooves, solder bumps, and other IC process derived techniques can be
used to achieve +/- 1 um transverse alignment tolerances (Cohen et al., 1992).

SOB technology can also be used for initial placement of the various optical
components and devices in the module, followed by an automated active alignment
procedure using micro mirrors, which are prefabricated on the silicon substrate
using MEMS technologies (Muller & Lau, 1998).

A versatile manipulation of light is possible using surface silicon micro-machined
components. Silicon surface micromachined Fabry-Perot resonators, which enable
tunable spectral filtering, have been demonstrated (Tran et al., 1996). Silicon
surface micromachined electrically tunable Fabry-Perot interferometer is the heart
of CARBOCAP, the carbon dioxide sensor manufactured by Vaisala (Carson,
1997).

Comb drive micro mirrors for single-mode coupling and scanning systems have
been demonstrated (Muller & Lau, 1998). A torsion vertical mirror, which has
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been implemented for a 2x2 optical switch to be used in the reconfiguration of
an optical network, has also been demonstrated (Lee et al., 1999).

3.2 Traditional and modern lens tooling

Traditional lens tooling utilizes milling, grinding and polishing of specific
optical materials. The machining of optical materials with diamond tools for
preparing surfaces for grinding and polishing is called milling. This is a
collective term that is used to describe plano milling, curve generating, and more
recently also the fine-milling done prior to high-speed polishing. Fine-milling
operations have become important for the volume production of optics and they
have replaced to a large degree the grinding with loose abrasives. Although more
expensive tools and machines are required for fine-milling, these operations can
be more cost-effective than abrasive grinding because of shorter work cycles and
because several machines can be operated by the same operator (Karow, 2004).

Optical parts, which are almost always made of nonmagnetic materials, are
generally wax blocked to a magnetic tool plate or to a nonmagnetic Pyrex
blocking body held on the table by magnetic wedges. Stacked square or
rectangular parts are usually waxed into metal jigs that are then magnetically
held to the table. The loaded work piece table is manually moved underneath the
raised up diamond wheel by a hand wheel or a power feed. While the table
rotates, the diamond tool spindle is then lowered slowly until the wheel comes in
contact with the work piece. After contact has been made, the diamond tool
spindle is switched on and an aqueous coolant is supplied by a pump at a rate of
75 I/min. The tool spindle is then automatically lowered at a preselected feed
rate to remove the desired amount of material (Karow, 2004).

Grinding is the process of shaping optical materials with free or loose abrasives.
The abrasive powder is mixed with water and the grinding is done on grinding
tools made of cast iron. The pregrinding and fine-grinding steps are now
frequently replaced in volume production by finishing the glasses with diamond
tools. For prototype lenses and low-volume production, free abrasive grinding
continues to be widely used (Karow, 2004).
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The final fabrication step in optical component tooling is polishing. The fine-
ground surfaces become specular reflective and transparent during polishing.
The optical surfaces attain their final shape at the same time. Metal polishing
tools are covered with a viscoelastic material to which an aqueous slurry of a
mildly abrasive polishing compound is applied (Karow, 2004).

The solution-gelatin (sol-gel) technique has been commercially in production of
AR coatings since 1960s. The sol-gel technique consists of hydrolytic
polycondensation of metal alkoxides to form 3D amorphous poly-networks of
metal oxides through a gradual transition from a sol to a gel, that is, from a
polymer or colloidal containing liquid to a solid state. The in situ transformation
from liquid to solid is the most important requirement of the replication process.
Nano-replication procedure for glass structures, which is capable of fabricating
micro- and nano-scale features with diffraction gratings and Fresnel lenses have
been demonstrated (Parashar et al., 2003). A thick micro lens fabrication using
photosensitive sol-gel material has also been demonstrated (Yu & Yuan, 2003).

Although polishing optics using traditional methods is well established for
spherical shape lenses, it is more difficult to polish parabolic or aspherical lens
shapes. The use of aspherical lens profiles is advantageous in optical systems,
because the amount of spherical aberration is decreased compared to spherical
lenses, resulting in improved imaging quality. The improved image quality
compared to spherical lenses is the main reason for applying aspherical lenses in
implemented photonic module demonstrations (Paper 11, Paper VI). Aspherical
lens shapes can be tooled by a specific molding method similar to hot embossing
(Maschmeyer et al., 1983, Sunohara et al., 1987). The process requires a specific
molding tool, the temperature of which is warmed above glass transition
temperature of the mold material. A pretooled glass piece is inserted between
mold halves, which are then pressed towards each other, which induces
compression to the pretooled piece and enforces its shape to the desired form.
The method enables faster production speed of glass lenses than traditional lens
machining (Sunohara et al., 1987; Yi et al., 2006).

The molding of glass materials typically requires clearly higher processing
temperatures than thermoplastic materials. Glass molding has clearly higher tool
costs due to more rapid wear of the tool compared to thermoplastic material
molding in a volume production. The processing cycle in glass molding is
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clearly longer than with thermoplastic molding. Method has, however, a
competitive edge compared to diamond tool grinding, when glass material
properties are required in a large volume application and plastic materials can
not be applied.

3.3 Molding technologies

Molding technologies using thermoplastic polymers are efficient and cost-
effective methods to fabricate optical parts (Michaeli & Wielpuetz, 2000). The
fabrication cost of molded pieces is hardly affected by the complexity of the
design. When the mold and insert have been tooled, tens of thousands pieces can
be molded with a little effort. The raw materials cost is typically neglible,
especially when the processed parts are miniature. Molding technologies enable
production of pieces suitable for applications requiring very low-cost and
disposable components (Heckele & Schomburg, 2004).

3.3.1 Molding technology variations

Injection molding is one of the widespread standard processes to fabricate
polymer parts. It is used to form almost any geometry from a large variety of
thermoplastic materials, and almost any plastic part with dimensions ranging
from the millimeter to centimeter range can be manufactured with this
technology. The fabrication of necessary mounting and assembly features, such
as brackets and snap-fit-joints for component assembly in a one-shot molding
process is possible (Michaeli & Wielpuetz, 2000).

The injection molding process starts with the raw polymer material, which is
used in granular form. These granules are fed into a cylinder, a heated screw,
where the grains start to melt. The melt is then transported towards the mold
cavity. Typical temperatures in this region range from 200°C for polymers such
as polymethyl methacrylate (PMMA) and polystyrene (PS) above 280°C for
polymer like polycarbonate (PC) and up to 350°C for materials like
polyetheretherketone (PEEK). The molten material is then injected under high
pressure (600—1000 bar) into the evacuated mold, which can contain a specific
part to produce high precision features to the molded parts. When processing
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macroscopic systems, the cavity can be held under the solidification temperature
of the polymer and the so-called cold-cavity process is used. The mold is opened
and the fabricated piece is ejected from the mold, when the piece has been
solidified. The process allows rapid fabrication and the cycle times of some
seconds are standard for most applications (Becker & Gértner, 2000).

As the features become smaller, less material has to be injected into the cavity
and the surface-to-volume ratio increases, and the cavity has to be heated closer
to the melting point of polymer to allow the polymer to flow into all small
features of the mold insert. The cavity will then be cooled to allow the ejection
of micro-structured part. This process is called vario-therm and it allows
manufacturing of smaller structures than cold-cavity process, but increases the
cycle time due to the heating and cooling cycle. Typical cycle times of
microinjection process are on the order of 1 to 3 minutes (Becker & Girtner,
2000; Heckele & Schomburg, 2004).

There is a large gradient between injection and ejection temperature of the
polymer as well as the phase transition between liquid and solid phase, and the
resulting volume change and thermal shrinkage has to be taken into account in
the insert and mold fabrication (Becker & Giértner, 2000).

Sub-micrometer features down to 200 nm line width and 1:1 aspect ratio have
been successfully processed by injection molding using several optical
polymers. Best molding results were achieved, when the used melt and mold
temperatures were high. The presented injection molding results indicate that
grating periods between 0.8 um to 1.6 um can be replicated, which allows mass
production of diffractive elements for the creation of different holographic
effects (Monkkonen et al., 2002).

Reaction injection molding is similar to injection molding, but instead of one
type of plastic, two components are injected into the closed tool. This technique
allows a use of materials that are not thermoplastic, such as thermosetting
materials and elastomers. Earlier there were difficulties to achieve good mixture
of components in micro scale and short cycle times. Now it is possible to use
ultraviolet (UV) curing instead of thermal initiation of the polymerization, and
reaction injection molding has appeared again. Today this process is quite fast
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and allows a type of rapid prototyping because thermal cycling is not necessary
any more (Heckele & Schomburg, 2004).

In the hot embossing process, the molding tool, the so-called insert, is pressed
under a vacuum into a semi-finished polymer at a temperature above its glass
temperature. Characteristics of this technology include comparably simple
machines, low mechanical influences to the mold insert, the possibility to mold
extremely small structures, the exact replication over large distances and the
possibility to produce optical components (Heckele et al., 1998).

Hot embossing lithography is currently used for production of nanostructures as
it has several advantages over other fabrication techniques. In this context the
hot embossing is called nanoimprint technology. In comparison with optical
lithography, it is not limited by the diffraction limit and thin resist layers can be
patterned down to 10 nm (Chou et al., 1997). The method is fast, when compared
to electron beam (EB) and scanning probe microscopy (SPM) lithography and
cost-efficient when compared to x-ray lithography (Heyderman et al., 2000).

3.3.2 Thermoplastic materials

Thermoplastic polymers are a very large material group, which contains suitable
polymer candidates for almost every application. There are materials, which are
stable at temperatures as high as 250°C, such as PEEK and some polymers
which resist aggressive chemicals such as alkaline solutions, acids, and solvents
like perfluoralkoxy (PFA). Polymers are electrical and thermal insulators, but
when filled with proper powders they can be used as conductors and heat sinks.
Molded pieces can be soft and elastic as polyoxymethylene (POM) or hard and
brittle like polysulfone (PSU). They are available from optically transparent as
cyclo-olefin copolymer (COC) and opaque like polyamide (PA) filled with
graphite (Heckele & Schomburg, 2004). Basic physical properties of some
polymer molding materials are shown in Table 1.
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The main disadvantages of polymer materials in photonics applications
compared to silicon, glass and ceramic materials are lower heat distortion
temperature, larger CTE, moisture absorption, a tendency to creep and diffusion
of gases (Heckele & Schomburg, 2004).

3.3.3 Tool manufacturing technologies

The tool for replication is typically called a mold. The two main technologies for
mold manufacturing are traditional mechanical machining using modern
computer numerical control (CNC) multi-axis machines with diamond tools and
electric discharge machining (EDM). An integrated part of the mold, the
function of which is to replicate high precision and minute features in the
molding process, is called an insert. The insert can be manufactured by diamond
tooling technologies (Béumer, 2005) and by several lithographic technologies
like, optical, x-ray (Heckele & Schomburg, 2004) and electron beam (EB)
lithography (Monkkonen et al. 2002). The current EB lithography is able to tool
sub-10 nm features, but the processing of large areas is time consuming.

Lithographic processes are particularly suited for minute structures. A resist is
patterned with a micro-structure that is electroplated to build up a mold insert. A
novel LIGA technique for resist exposure capable of producing 3D
microstructures has been demonstrated. The technique has been applied to
fabricate PMMA microlens arrays for micro-optic application and micro needles
for bio-medical applications. The measured RMS surface roughness of the
fabricated pieces has been 10 nm (Sugiyama et al., 2004).

Laser machining can also be used in fabrication of the insert. The laser
technology is of particular interest, as it allows tooling of stainless steel and
tungsten carbide, which are very difficult to tool using previously mentioned
technologies and diamond tooling (Heckele & Schomburg, 2004).

Diamond tooling of the insert is actually the final manufacturing phase to
produce a high precision surface with a low surface roughness to a nickel coated
surface on a steel insert. Measured RMS surface roughness of nickel coated
insert has been 5—6 nm and the surface roughnesses of replicated lenses have
been at the same level (Paper VI). A nickel layer is required on the top of the
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steel due to the fact that the diamond tool wears very rapidly when being in
contact with the carbon in the steel during the tooling process. The normal
procedure to fabricate an insert is to pre-tool the insert using a traditional CNC
multi-axis machine, so that the coating layer thickness is observed in the tooling.
The insert surface is coated next with nickel and finally tooled to the accurate
profile by diamond tooling. It is a very substantial characteristic of diamond
tooling that an aspheric surface profile is possible to tool as easily as a spherical
surface to the insert. There are some companies, such as Rochester Precision
Optics in USA and Juken in Japan, offering nickel coating and diamond tooling
services for the insert fabrication.

Mold inserts from glass or silicon substrates, which can be lithographically
patterned using wet etching or reactive ion etching (RIE), can be also used in
molding, but the silicon is a very brittle material and the wafers tend to break.
Therefore the wafer is bonded on the top of quartz glass to get a stable
compound. If less than ten molding cycles are performed for prototyping
purposes, mold inserts made from silicon may be suitable. Silicon treated by
wet-etching is more favorable, because it shows inclined side walls and a
smoother surface than dry-etched silicon (Heckele & Schomburg, 2004).

3.4 Polymer encapsulation of electronics and integration
with mechanics and optics using injection molding

A very cost-effective mass production method to encapsulate electronic
substrates by polymers using injection molding has been developed for the
manufacture of plastic automotive components with embedded electronics and
power distribution (Teh et al., 2000). The electronic sub-systems are simultaneously
packaged within the automotive structural thermoplastic component during the
injection molding process. The process and product integration represents an
opportunity to significantly reduce component counts and wiring loom overhead
for the vehicle. The assembly, weight and cost advantages envisaged from the
proposed technology is suggested to satisfy the ever increasing demand for
automotive suppliers to manufacture complete, ready-to-assemble, reconfigurable
component modules with superior reliability and as such may contribute to the
increasing incorporation of vehicle telematics (Teh et al., 2000).
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Injection molding occurs in high temperature, pressure, viscosity and velocity
conditions and therefore it imparts extreme stresses on the embedded assembly.
Process design, including tooling layout and molding process parameters, such
as temperature, time and pressure, has to be optimized without compromising
the resultant product reliability. Furthermore, as the injected plastic experiences
both in-mold and post-ejection residual shrinkages, the encapsulated
subassembly can be subjected to localized strains leading to failures such as
substrate warpage, joint fatigue and component cracking. This problem may be
minimized by reducing the disparity in the coefficients of thermal expansion
(CTE) between the encapsulant used and the embedded assembly. The materials
compatibility is also vital to obtaining good interface adhesion to prevent
delaminating-induced contamination (Teh et al., 2000; Sarvar et al., 2004)

Encapsulation of electronics sub-assemblies equipped with bare semiconductor
emitter devices using injection molding technique and thermoplastic polymers to
implement integrated optical structures in the molding process has been
demonstrated (Paper V, Paper VI). Electronic substrate containing bare green
LED chips encapsulated in polymer using injection molding is shown in Fig.6.

Fig. 6. PMMA encapsulated FR4 substrate containing bare green LED chips.

The demonstrated method enables very effective integration of electronics,
optics and mechanics in a single process. The injection molding is a very cost-
effective method in mass production and its application in module
manufacturing enables cost-efficient mass production of highly integrated
photonic modules (Paper V, Paper VI).
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4. Photonic module integration
demonstrators

4.1 Miniature infrared spectrometer

The objective of this work was to demonstrate the capabilities of surface silicon
micromechanics design and manufacturing tools in the implementation of micro-
optical electro-mechanical systems (MOEMS) and evaluate the feasibility of a
monolithically integrated sensor system.

4.1.1 Devices and operational principle of the spectrometer

A miniaturized multipurpose IR spectrometer module (Paper I), comprises of
three silicon micro machined devices: an electrically modulated thermal infrared
emitter, an electrically tunable Fabry-Perot interferometer (FPI) and a photo
detector.

The size of the infrared emitter is | mm x 1 mm. The emitter consists of several
emitting wires with 1-um thickness, 20-um width and 1000-um length. The
operating temperature of the emitter is about 1000 K.

The silicon micro machined FPI device (Pat. US 5,561,523, 1996) is an optical
resonator consisting of two parallel highly reflective mirrors separated by a
cavity. The transmission band of the device is controlled by electrically
changeable gap between the mirrors. The structure of the FPI device is shown in
Fig. 7. The size of the FPI chip is 3.3 mm x 3.3 mm x 0.5 mm. The active area
diameter is 0.75 mm. The typical transmission of the FPI is 65% and the typical
FWHM band pass 70 nm, when Numerical Aperture (NA) of 0.2 is used. A 20%
tuning range of the nominal wavelength, 95% transmission and a 25 dB contrast
can be obtained.
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Fig. 7. A cross-section of the surface micro machined FPI device.

The size of a monolithically integrated bolometer is 1.5 mm x 1.5 mm, and the
diameter of light sensitive area is 0.6 mm. The temperature sensitive resistor is
in the middle of light sensitive area, and its dimensions are 25 um x 90 um. The
response of the detector is 3...5 V/W with a calibrated 1000 K blackbody
source.

A commercial operational amplifier, type AD797 manufactured by Analog
Devices, is used as a pre-amplifier of the detected signal in the system. In order
to achieve high signal to noise ratio in the amplification the coupling line length
has to be minimized. In practice this means that the pre-amplifier has to be
attached as close as possible to the detector.

Spectrometer operational principle is as follows. A thermal infrared emitter is
heated and it radiates optical power, which is guided by additional optics, such
as mirrors, through gaseous sample and directed through the dispersive FPI to
the photo detector. The detected signal is pre-amplified by a commercial
operational amplifier. Signal modulation can be performed by driving the thermal
infrared emitter by a signal generator producing the preferred waveform.

Gas concentration of a sample is possible to measure by the spectrometer. The
reference value in the measurement event is taken, when the FPI transmittance
band is driven to a spectral area, which does not contain absorption for specific
gas. The measurement value is taken respectively, when the FPI transmittance
band is driven to a spectral area in which measured gas has specific absorption.
The ratio of the measured value to the reference value provides information
about the gas concentration. In order to define accurate gas concentration in the
sample a calibration procedure has to be performed before the actual measurement.
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4.1.2 System optical modeling

The system optical modeling was concentrated on the most critical
characteristics of the spectrometer system, which were throughput, optical
crosstalk and usable numerical aperture (NA) of the system. The aim of the
optical modeling was to optimize the system’s performance. An analytical
modeling results achieved by MathCAD were compared to the ray trace model
achieved by Advanced System Analyzation Program (ASAP).

A throughput value of an optical system is defined to be
T=A4Q, (D

where A is the limiting transmitting element area and Q is the solid angle. In
order to estimate optical throughput and resulting signal from the source to the
detector, an analytical model of the system was derived treating the thermal
infrared emitter as a graybody radiator (McCluney, 1994).

The total radiant flux emitted by the thermal source is depending of the source
absolute temperature. The total radiant flux emitted from the surface of a
graybody radiator at this temperature can be expressed by the Stefan-Boltzmann
law, as

M,, =eoT*, 2

where My, is the exitance of the emitter surface in vacuum, € is emissivity of the
radiator, G is the Stefan-Boltzmann’s constant, and T is the temperature of the
source in Kelvin, A blackbody at 973 K emits at the rate of 50823 W/m?.

The Planck’s blackbody spectral radiation law accurately predicts the spectral
radiance of blackbodies in vacuum at any temperature in the form

&2hc’
L},],;L =T x> (3)

A (et ~1)
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where h is the Planck’s constant, c is the speed of light in vacuum, and A is the
wavelength.

Inserting the values of the constants into equation 3 and multiplying by &, A in
pm, we get spectral exitance of the emitter

_ 3.741x10°W xm* x pm'*

bbA —
2’5 (614388/1me/17‘ _ 1)

) 4

If the specific wavelength is 4.5 pm, then the spectral exitance of the emitter is
7845 Wxm™xpm’™. By assuming emitter area to be circular, the size of which is
the same as that of the detector, we get 0.16 mW at 70 nm wavelength band. It is
possible to collect about 2% of the IR emitter’s total radiant power and transmit
it to the detector by the optics, when the IR emitter is approximated to a point
source and ideal optics is used. If the FPI transmittance is 65%, the detector
response 5 V/W and the Voltage amplification 570, then the signal value will be
5.9 mV.

According to ray trace simulations, the optical throughput from the source to the
detector was 0.4% without a cover. Approximation with a point source with an
ideal optics gave the efficiency of 2%. The spherical aberration of a mirror and
the fact that the transmission losses had been ignored in the analytical modeling
were the main causes of this discrepancy.

The obtained level of a normalized optical crosstalk value was 1:12000 at the
maximum in ray trace simulation. The main part of the stray light was origin
from the emitter coupled via silicon substrate to the detector. A gap was etched
to the substrate next to the emitter to block most of the substrate coupled rays.

In order to estimate the effect of the incident light angular distribution on the
surface of the FPI, the analytical model of the FPI transmittance as a function of
angular distribution was created. The FPI transmission spectrum for a plane
wave is the following (Hecht, 1990)
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T,y (A,d,0,R, A,n) =

L— ’ T o (5)
A=k (—1+R)* + 4[R(sin(27znd Coi(‘g)}

and the transmission in a converging beam is

Trprg (4.d, Hmax R, A,n)=

6,

max

T,y (A,d,0,R, A,n)276d0

0

(6)
gmax

j 27646

0

The calculated average transmission of the FPI, when a converging beam half

angle Omax is 0.1° (NA=1.7 x 107), 5.7° (NA~0.1), 11.5° (NA~0.2) and 17.5°
(NA=0.3), is shown in Fig. 8.
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Fig. 8. Calculated average transmittance of the FPI, when the beam half angle
Omaxis 0.1°5.7° 11.5°and 17.5°

As it can be seen from Fig. 8, when the converging beam half angle increases,
the transmission peak lowers, broadens and moves towards shorter wavelengths.

The selectivity of the measurement system increases when NA is decreasing, but
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the optical throughput of the system and the resulting signal level is limited by
the FPI aperture and transmittance. A maximum NA value of 0.2 for the FPI was
suggested to get a reasonable performance of the measurement system.

Ray trace simulation result for the angular distribution of rays entering the clear
aperture of the FPI exceeded the NA value of 0.2. In order to confine the angle
distribution, a 2 mm aperture at a distance of 5 mm from FPI, was needed. This
kind of aperture could be integrated into the cover of the spectrometer module.

4.1.3 Packaging of the spectrometer

In the packaging of the spectrometer silicon substrate was die bonded to a 16-pin
dual-in-line (DIL) ceramic package. A plastic cover with two silicon windows
was bonded on the top of DIL package. The main parts of the spectrometer
module are shown in Fig. 9.

Silicon substrate

16-pin DIL package

Fig. 9. The packaging schematics of a spectrometer module.
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Monolithic integration of the FPI device into the silicon substrate on top of the
photo detector proved to be unfeasible and a discrete device was decided to
implement and attach on top of the photo detector by flip-chip bonding. The
Staystik 181 thermoplastic conducting adhesive proved to be the best choice
after preliminary tests and it was selected for the FPI device attachment. The
Staystik 181 was dispensed to form hemispherical conductive adhesive bumps,
on which the FPI was flip-chip bonded.

Quite a large silicon substrate had to be mounted on an alumina substrate. The
silicon substrate size was 0.5 mm x 5 mm x 15 mm, and the alumina substrate
was 0.4 mm x 7 mm X 19 mm. Thus, the thermal expansion coefficient mismatch
between silicon (CTE~3ppm/°C) and alumina (CTE~6ppm/°C) could introduce
thermo-mechanical stresses into the silicon substrate. The thermal expansion
coefficient mismatch between silicon and alumina substrate favored use of
adhesive bonding in this case. In addition, adhesive bonding was evaluated to be
simpler in this case than solder bonding because it didn’t require metallization of
the substrates. According to the preliminary tests, the Ablebond 958-11 proved
to be the best adhesive for die-bonding. Therefore, the alumina substrate was
bonded to the ceramic 16-pin DIL package and the silicon substrate on the
alumina substrate by the Ablebond 958-11 adhesive.

The optical crosstalk was blocked by etching 350 um wide and 3 mm long gap
through the silicon substrate. In addition, a 250 um wide and 2.5 mm long baffle
was machined in the polyurethane cover. The baffle was designed in such a way
that when the cover was attached to the DIL package, it fitted the etched gap
thus preventing the direct stray light propagation through the etched gap.

The IC chip was die-bonded on the silicon substrate with the Ablebond 958-11
adhesive and wire-bonded to the silicon substrate pads by using 25 um Au-wire
and a wedge bonder. The silicon substrate was wire-bonded to 16-pin DIL
package pads by the wedge bonder, while the bonding wires and IC were sealed
with the Dow Corning Q1-9239 silicone. The two silicon windows were
attached to the polyurethane cover by the Epotek 320 adhesive. Finally, the
polyurethane cover was attached to the DIL package with the Epotek 320
adhesive. The polyurethane cover was examined and found to be opaque in a
wide wavelength band by the Fourier Transform Infrared (FTIR)-spectrometer
measurements. The implemented IR-spectrometer without cover is shown in Fig. 10.
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Fig. 10. IR-spectrometer.

4.1.4 Characterization of the spectrometer module

In the measurements biasing electronics, operating voltage electronics and
filtering electronics were placed on a FR4 board, which also contained a base for
the 16-pin DIL spectrometer module. Thermal source was driven by 50/50
square pulses at a frequency band from 0.1.Hz to 20 Hz. The heating and cooling
process was time consuming, which limited the upper practical modulation
frequency at the level of a one hundred hertz. A spherical mirror was used to
couple light from the source to the detector through the dispersive FPI device.
The signal was amplified and measured by a phase-locked amplifier.

The simulated transmission value of the system was 0.4% and FPI transmission
0.65, which would give 1.2 mV signal level as a result. When modulating the
source at 5 Hz, the detected module signal level at a reference band was 1 mV
and peak-to-peak noise level was 10 uV, resulting in a 100 signal-to-noise ratio
at 1 Hz bandwidth. Thus, the measured signal value was 83% of the ray trace
signal value, which is in a good agreement with the simulation.

The detected signal contained about a 3 mV offset level when the source was
modulated at the 0.1 ... 20 Hz frequency band. The offset level was due to
electrical crosstalk of the system. Crosstalk coupling from the emitter circuitry
to the detector electronics seemed to be capacitive coupling via the silicon
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substrate. The electrical crosstalk could be attenuated about 30 dB by using sine
wave modulation of the source instead of square wave modulation.

4.1.5 Evaluation of the spectrometer implementation

The implemented IR-spectrometer module can be considered to be example of
the achievable monolithic integration level of MOEMS using silicon surface
micromachining. The thermal emitter and photo detector were monolithically
integrated to the silicon substrate, but the FPI was flip-chip bonded and pre-
amplifier IC was die-bonded, meaning that they were hybrid integrated, to the
module.

The thermal emitter upper modulation frequency was limited to one hundred
hertz, which denotes that the measuring speed of the system was moderate. In
addition, the thermal source life time was typically much shorter than achieved
with compound semiconductor technology emitters.

The fill factor of the substrate was low and the size of the substrate was
relatively large, which highly compromised the system cost-efficiency. The
optical cross talk was attenuated in a very low level by etching gap and inserting
a baffle in the system, but a considerable amount of electrical cross talk was still
measured in the implemented system.

The substrate was assembled into a ceramic package, which is hermetic material,
but the gas is capable to penetrate through polyurethane cover. It could be
advantageous to utilize novel polymer blends, which effectively limit the gas
penetration into the sensor module package. That kind of material technology,
however, was not available at the time of the system packaging.

As a conclusion, the system implementation proved that a complete monolithic
integration of optical functions and driving and signal processing electronics on
a single silicon chip was not practical using silicon surface micromachining
technologies.
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4.2 Optical profilometer implemented on an LTCC
substrate

The prototyping, properties and performance of an optical profilometer (Paper
IT) are described in this chapter.

The target in the development of a profilometer based on an LTCC substrate was
to test and verify the multilayer structure high-accuracy tooling and fine-line
capabilities to provide rigid and stabile platform for miniaturized sensor module
implementation.

4.2.1 Sensor module concept

The schematic structure of the profilometer module is shown in Fig. 11. The
profilometer module has two operational modes. In the passive mode it monitors
the environment using the CMOS image sensor. In the active mode it emits light
from a laser source and measures one-dimensional distance profiles of targets
lying in the camera’s field-of-view (FOV) using the triangulation measurement
principle.

. 25 mm R
DOE — &
Collimation lens ——»
<> <« Imaging lens
VCSEL driver VCSEL CMOS detector

<— Connector

/ /

Detector controller

LTCC board

Fig. 11. Schematic structure of the laser profilometer module.
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4.2.2 Transmitter and receiver optics of the sensor

The profilometer module uses near-infrared (NIR) (A = 850 nm) VCSEL as a
light source in the illumination of the target. A single-element aspheric lens
(frp= 11 mm) is used to collimate the light beam, and then it is transformed to a
stripe using a diffractive optics element (DOE). The illumination beam has
divergence angles 0.3 deg in the horizontal (H) and 20 deg in the vertical (V)
direction.

The receiving optics of the profilometer consists of a micro video imaging lens
(frp = 4.6 mm) that focuses the light reflected from the target onto the detector
surface. Using focus adjustment, the lens has a FOV of 60 deg (H) and 44 deg
(V) with a modulation transfer function (MTF) at 50 cycles/mm of 0.2 at
distances from 300 mm to infinity. The detector is monochrome with VGA
resolution and contains 640 (H) x 480 (V) pixels, each with an active area of 7.9
x 7.9. pm”. The maximum speed is 30 frames/s.

4.2.3 LTCC platform of the sensor

The profilometer module electronics consists of transmitter and receiver blocks.
The transmitter electronics adjust the drive current and pulse width of the laser,
so that the received signal levels are optimal for different target reflectivity and
distances. The drive current can be adjusted from 7 mA to 100 mA and the pulse
width from 1 ms to 1 s by a 6-bit digital rheostat.

The receiver electronics design of the profilometer is based on the commercial
evaluation board (Photobit Corp’s PB-300), and it generates all control signals
for the image sensor. In practice the evaluation board electronics was transferred
completely to the LTCC platform, when implementing the profilometer
electronics. The module is connected to a measurement PC via a serial I’C bus
for control signals and an 8-bit parallel bus for image data transfer. The module
electronics were designed for implementation using an LTCC process. The
substrate consisted of six layers and had an overall thickness of 1 mm. The
LTCC platform dimensions were 30 x 40 mm”. The size of a commercial CMOS
camera electronics implemented on the FR4 board was five times larger. In
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addition to the components needed in the transmitter electronics, the LTCC
board has the same functions as the FR4 version.

4.2.4 Optomechanics of the sensor

The profilometer module transmitting and receiving optics are attached to the
module housing using optics barrels (Fig 12). The transmitting optics
components — DOE, spacer and collimating lens — are mounted on the barrel and
fastened with a threaded fixing element. The orientation of the light stripe is
adjusted by rotating the barrel and fixing it with M2 screws. The receiving lens
barrel has a thread that fixes it to the main housing and also adjusts the lens
distance to the sensor. The module housing is manufactured from AIMgSi alloy
using electronic data transfer via the process planning software (MasterCam) to
the 5-axis milling workstation (Bridgeport VMC 800 with Heidelhein 410
control). The aluminum alloy has excellent free cutting properties and is
lightweight. Anodization made the surfaces harder and enhanced their abrasion
resistance.

Fig. 12. Profilometer housing: (left) outside and (right) inside.

4.2.5 Performance of the profilometer

The profilometer distance measurement range started from 4.5 cm and extended
up to several meters in favorable conditions. The actual measurement area
depended on the target distance and reflectivity. The measurement accuracy had
a non-linear behavior due to the triangulation principle. Therefore, the
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measurement resolution corresponding to one pixel varied from 1 mm in short
ranges to 1 cm at a distance of 1 m. According to the test results, distance
profiles could be obtained from 100 points with accuracy (standard deviation)
varying from 0.1 mm at a distance of 5 cm, to 2 cm at a distance of 1.5 m. An
example of distance profile measurement presented using the graphical overlay
is shown in Fig. 13. Here the corner of a card box was used as a target. The
middle section of the laser stripe is marked with a gray line. The results shown
here correspond to detector rows from 140 to 290 with a 10-row increment.

Fig. 13. Distance profile measurement of the cardboard box.

The image quality of the sensor was determined using an MTF test chart (Sine
Patterns M-13-60, 4X version). The sensor was able to distinguish features with
the dimensions on the order of 1 mm at a distance of 200 mm.

4.2.6 Evaluation of the profilometer implementation

The multilayer LTCC technology, combined with the possibility of integrating
passive electrical components and alignment features into the substrate, clearly
reduced the size of the circuit board. This opens up new possibilities to use the
sensor in portable devices where small size, light weight, and low power
consumption are important. The LTCC substrate offered a rigid and stable
platform for profilometer implementation.
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The laser and detector were attached to the LTCC substrate under the
microscope with a lateral inaccuracy of £0.03 mm. The 5-axis precision machine
tool manufactured the housing structure with a dimensional tolerance of +0.02
mm. The holes in the LTCC substrate, drilled by an Nd:YAG laser, had a
centering inaccuracy of +0.03 and a diameter tolerance of +£0.02 mm. So the
achieved lateral positioning inaccuracy was better than £0.1 in the alignment of
the active photonic components.

The profilometer characterization proved that the module mainly operated as
designed. The poor quality of the beam-spreading element limited the useful
portion of the laser stripe to about one-third of the detector height. This limited
the number of profile measurement points. It was naturally possible to acquire
and assemble a high quality beam-spreading element into the module, but the
system performance was still well adequate to demonstrate the LTCC substrate
advantages for miniature distance sensor implementations. The one drawback of
using LTCC substrate in this case was that repairing of the prototype boards was
seen to be more difficult than epoxy fiberglass PCBs due to the rugged nature of
the ceramic material. It was also noticed that targets with strong specular
reflectance sometimes caused incorrect distance measurement results, which are
common to triangulation sensors using laser spot or stripe illumination.

As a conclusion, the module implementation demonstrated that it is possible to
utilize LTCC substrate as an accurate optomechanical platform for miniature
sensor modules for portable devices.

4.3 Passive alignment laser modules based on an LTCC
substrate

The capabilities of low-temperature co-fired ceramics technology tooling to
produce passive alignment of devices were developed and tested in this work
(Paper III, Paper IV). In addition, the ceramics technology capability to supply
hermetic package for a fiber pigtailed laser module using substrate as an integral
part of the package was verified (Paper IV).
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4.3.1 Passive alignment features on an LTCC substrate

The alignment features, such as cavities and grooves, were tooled to LTCC
substrates to enable passive alignment of devices. Cavities were mainly suitable
for passive alignment of laser diodes and grooves for passive alignment of
fibers. Punching Fig. 14a and 14b and photo imaging Fig. 15 methods for the
manufacturing of the fiber grooves were tested for the demonstrator
implementations.

a) b)

Fig. 14. Punched and laminated fiber grooves on LTCC: a) flexible foil, b) rigid
foil.

Fig. 15. Photo imaged fiber grooves on LTCC.

The cavities for the fiber grooves were punched to the LTCC tape sheet to the
size of 0.15 mm x 9 mm, using a 150 um round tool expected to provide a
suitable groove width for the 62.5/125 um fiber. A 200 um round tool was used
for the 200/230 um fiber, respectively. Du Pont 951-AT tape with a green
thickness of 114 um was used with the first demonstrator. This was laminated on
top of three blank layers of thicker LTCC tape to obtain enough mechanical
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strength for the substrate. After lamination, the parts were further co-fired and
the groove was diced to a length of 7 mm. Before lamination, the edges of the
punched fiber groove are quite sharp and the groove reaches its final shape
during the isostatic lamination step. The lamination process parameters can be
modified to adjust the shape of the groove and, consequently, the height of the
fiber. The groove reaches its final dimensions during the co-firing process, when
substantial shrinkage occurs.

4.3.2 Optical modeling of the laser-to-fiber coupling

In order to get information about achievable coupling efficiency of laser-to-fiber
systems and to evaluate the effect of coupling tolerances, coupling simulation
and tolerance analysis systems were built using ASAP optical design and
simulation software. The simulations of the passive laser-to-fiber coupling
utilizing LTCC test substrates were performed for 100 pm x 1 pm emitting area
laser diode and 62.5/125 pm fiber, NA = 0.275 and 210 pm x 1 pm emitting
area laser and 200/220 um fiber, NA = 0.22 respectively. The coordinate system
used in the laser-to-fiber coupling simulations is shown in Fig. 16.

Laser diode

o8
Fig. 16. Coordinate system in laser-to-fiber coupling simulations.

The multi-mode laser model used in the simulations obeyed Gaussian intensity
angular distribution in the far-field Y-direction and top hat in the X-direction.
The used model had top hat spatial irradiance distribution in both directions. The
model was fitted to the manufacturer’s data. An example of the modeling of an
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EEL stripe laser optical power coupling to a multi-mode fiber using a ball lens is
shown in Fig. 17.

Fiber
cladding

Fig. 17. An example of modeling laser-to-multi-mode fiber coupling performed
using a ball lens.

A ball lens was not finally used in the module demonstrations because butt
coupling was estimated to be the most cost-efficient method of module
implementation in these cases. The nominal coupling efficiency achieved in the
simulation was 0.37 for the 100 um x 1 um emitting area laser diode and
62.5/125 pm fiber and 0.65 for the 210 pm x 1 um emitting area laser and
200/220 um fiber, respectively.

The tolerance analysis of both coupling systems was performed in two steps.
First, the sensitivity analysis of the system was performed. During the sensitivity
analysis, each tolerance variable using a 3o value is simulated separately and the
most critical tolerance variables are found, which enables system optimization,
see Table 2.
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Table 2. Sensitivity analysis of 100 um x 1 um laser and 62.5/125 um fiber butt
coupling.

Hominal system coupling efficiency  0.371

Tolerance variable Unit Value Coup. eff. | Impact [%]
Source div. x min dey -1.500 0.359 -3.2
Source div. ¥ max deg 1.500 0.380 2.4
Source div. ¥y min deq -1.500 0.387 4.3
source div. y max deq 1.500 [.356 -4.0
Source decent. x min mm -0.015 0.371 0.0
Source decent. ¥ max mm 0.0$15 0.371 0.0
Source decent. ¥ min mm -0.006 0.357 -3.8
Source decent. y max rmm 0.006 0.356 -39
Source tilt ¥ min deg -0.600 0.371 -0.1
Source tilt ¥ max deq 0.600 0.371 0.0
Source tilt v min deq -0.410 0.371 -0.1
Source tilt v max dey 0.410 0.371 -0.1
Fiber MNA min - -0.015 0.353 -4.8
Fiber NA max - 0.015 0.387 4.4
Care index min - -0.001 0.371 -0.1
Core index max - 0.001 0.371 0.1
Core diameter min mm -0.003 0.350 -5.5
Core diameter max mm 0.0035 0.389 4.8
Fiber position min rmm 0.5 0.383 3.3
Fiber position max mm 0.042 0.31 -16.3
Fiber decenter x min mm -0.005 0.371 0.0
Fiber decenter x max mm 0.006 0.371 0.0
Fiber decenter y min rmm -0.024 0.153 -58.8
Fiber decenter y max mm 0.024 01483 -58.8
Fiber tilt x min deq -0.019 0.371 0.0
Fiber tilt x max deq 0.013 0.371 0.0
Fiber tilt y rin dey 0047 0.371 0.0
Fiber tilt v max deg 0.027 0.371 0.0

In the Table 2. abbreviation div means divergence and decent means decenter.
As one can see from Table 2, the fiber decenter along the y-axis is the most
significant tolerance variable with the used tolerance values according to the
simulation. Slight differences in impact values between variable min and max
impact values in symmetrical cases are due to simulation noise.

Second, optical system Monte-Carlo tolerancing was performed (Fig. 18). The
Monte-Carlo simulation method is capable of producing information about
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performance distribution of large manufacturing lot of modules. In Monte-Carlo
tolerancing, all tolerance variables are simulated simultaneously as distributions
and statistical information about the system performance is obtained. Typically,
symmetrical distributions used in the Monte-Carlo simulations are Gaussian and
non-symmetrical distributions are truncated Gaussian.

Distribution of Monte Carlo systems
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Fig. 18. Relative coupled power of 100 um x 1 um laser to 62.5/125 um fiber.

As one can see from Fig. 18, the coupling efficiency peaks at around 0.36 and
the maximum value is about 0.4.

4.3.3 Thermal management of high power laser diode

The thermal conductivity of LTCC material is quite low, about 3 W/mxK.
However, the thermal conductivity of LTCC can be increased locally by
processing heat spreaders, thermal vias and cooling channels on the LTCC
substrate. This enables the use of LTCC substrate with a high-power laser diode.
We developed a buried liquid cooling channel at the LTCC substrate underneath
a laser diode. The biggest challenge was to develop the manufacturing methods
for a buried channel without excessive deformation of the substrate surface,
which would deteriorate the passive alignment accuracy and fiber-to-laser
coupling efficiency. The channel structure, 1.65 mm wide and with a total length
of about 30 mm, was punched on two tape layers that were buried two layers
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deep. To prevent sagging of the LTCC stack during the lamination, the buried
channel was filled with an organic precision machined filler insert, which burns
off efficiently during the co-firing. The final dimensions of the channel cross
section were 1.4 mm x 0.4 mm. The planarity of the surface on top of the buried
channel was measured on eight samples, showing a typical warpage of 2 ... 5
um, and 7 um in the worst case. In the module packaging process the warping
effect is added to the laser diode height tolerance chain. Obviously, to introduce
a minimum amount of warping the thickness of the organic insert must be
controlled very accurately. The implemented cooling channel cross section is
shown in Fig. 19.

Fig. 19. Cooling channel cross section 1.4 mm x 0.4 mm.

4.3.4 Packaging of the modules

In order to test the achievable laser-to-fiber passive alignment accuracy, a series
containing 40 modules in two different series’ was realized using a six layer
LTCC substrate, with a size of 22 mm x 25 mm. To test the hermeticity of the
laser modules, a series containing eight modules was realized utilizing LTCC
substrate, with a size of 10 mm x 22 mm.

In the alignment accuracy series the packaging started with laser chip alignment
and attachment to the LTCC substrate gold metallization. The laser chip
dimensions were 117 pm (H) x 200 um (W) x 1000 um (L). The laser chip was
aligned with a flip-chip bonder and attached to the LTCC substrate by a
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50%In/50%Pb solder perform. The solder perform size was 200 pm x 200 pm
and thickness of 20 um was used in the attachment. The upper contact was wire-
bonded by a wedge-bonder using a 25 um diameter gold wire.

A 62.5/125 pm multi-mode graded-index NA = 0.275 fiber (Spectran) was
aligned manually to the LTCC groove under a microscope. The separation
between the laser and the fiber was adjusted to about 40 um. The fiber was
pressed to the groove using a small weight at the fiber center and epoxy bonded
using three separate drops of Loctite 3525 UV-epoxy. The strain relief was
realized by bonding the fiber buffer to the widened groove using the same
epoxy. In Fig. 20 a passively aligned fiber pigtailed laser module is shown.

Fig. 20. Passively aligned fiber pigtailed laser module.

In the hermetic module series the used laser chip dimensions were 115 um (H) x
500 um (W) x 1000 um (L) and the fiber was 200/220 um. In addition, the
module structure contained also a frame and a lid. The frame material was Kovar
and it was tooled by 5-axis machine tooling. Before soldering the frame was
electro-galvanized with nickel. Sn62Pb36Ag?2 solder paste was dispensed around
the frame and the frame was aligned with the substrate and then soldered. Solder
was melted using an integrated thermal resistor formed by the metallization on
the LTCC substrate.
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The hermetic fiber feed-through was processed into the frame using a glass
preform (DIEMAT DM2700PF). DM2700PF is a low-temperature glass preform
designed specifically for hermetic optical fiber sealing. The glass has the
following key properties: coefficient of thermal expansion 7.5 ppm/°C, glass
transition temperature 215°C, density 4.5 g/cm® and sealing temperature 320—
350 °C. The glass preform was heated by a hot gas to the melting temperature of
the preform, which in turn collapsed around the fiber and wetted down the inside
diameter of the ferrule. After the fiber sealing, the metallic strain relief tube and
heat-shrinkable plastic creating the mechanical shields were assembled over the
junction area with a UV-epoxy. The module was dried at 80°C for 24 hours
before the sealing. Finally, a Kovar lid was attached to the top of the frame by
laser welding in inert gas. The dimensions of the module are 22 mm (L) x 10
mm (W) x 4 mm (H). In Fig. 21, the manufactured module and the LTCC
platform are shown.

Fig. 21. Hermetic fiber pigtailed laser module and LTCC platform.

4.3.5 Characterizations of the modules

The accuracy of laser diode-to-fiber passive alignment on the LTCC substrate
was characterized by measuring alignment errors of assembled devices from the
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realized modules. Wyko NT 3300 white light interferometer and Smartscope 200
optical 3D coordinate measurement system were used in the measurements.
Table 3 shows the measured alignment tolerances.

Table 3. Measured alignment tolerances.

Serie LD keigth [pm] [Groove width [pm][LDAiber dz [pm][LDAiber dx [pm]{LDAiber dy [pm]
AT Serie Mean 1247 1193 42.8 A, 17.1
A2 Serie Mean 127.2 109.5 39.5 MA, 10.4
AT Serie 5D 2.2 35 14.2 7.7 7B
A2 Serie 5D 3.8 5.1 10.2 3.1 2.1

The transverse alignment errors in both series’ are under 9.1 um, which suggests
good coupling efficiency between laser diode and fiber.

The coupling efficiency of the modules was measured so that the fiber coupled
power was first measured after module assembly by an optical power meter
applying a 10 mm square silicon detector. Second, the substrate was cut near the
laser diode and the total emitted power produced by the laser diode was
measured using the same meter and detector. The coupling efficiency was
achieved by simply dividing the fiber-coupled power by the total power. The
average coupling efficiency and distribution are shown in Table 4.

Table 4. Measured average coupling efficiency and distribution in prototype
series.

Serie Yalue
AT mean 023
AZ mean 0.31

AT 5D 0,086

A2 50 0.110

The total number of operational modules was 13 in the AT series and 16 in the
A2 series. The total number of manufactured modules was 40. A pre-study
found poor laser output with 11 modules, and fibers were not assembled on
those modules.
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As one can see from Table 4, the average coupling efficiency in the A2 series is
better than in the AT series. This is very consistent with the fact that the
measured alignment errors are smaller in the A2 series than in the AT series. The
distribution of coupling efficiency in both series’ is wider than expected based
on the simulations. Laser near- and far-field intensity distributions were
measured in order to see the accuracy of the laser model used. Near-field
intensity distribution was measured by imaging a laser facet to a CCD camera
detector using a microscope objective. In Fig. 22, an example of the measured
spatial intensity distribution is shown.

Sample 23 A2 B
700

710
720
730
740

750

760

300 400 500 600 700 800 800

Fig. 22. Example of measured laser spatial near-field intensity.

We can see from Fig. 22 that the laser near-field irradiance distribution is clearly
a multimode and not a top hat as used in the initial simulations. There is an
intensity drop in the middle of the laser facet facing the fiber core in butt
coupling at nominal alignment. This causes a clear reduction in the coupling
efficiency. In the opposite case with a very bright laser center area, the coupling
efficiency would be higher than nominally possible with a top hat spatial
irradiance laser model. Therefore, a more accurate laser model is needed in order
to achieve truly predictive simulations. Finally, characterized and qualified
devices are needed for high-yield passive packaging production.

68



Cooling system efficiency was tested by running a high-power laser diode with
and without water-cooling and by measuring surface temperature near the laser
diode using a thermistor. However, the thermistor measurement does not
measure the laser surface temperature. In order to get a better view of laser
surface temperature, a thermal camera model SC3000 manufactured by FLIR
Systems was used. The ambient temperature was 24°C, cooling water
temperature 22.5°C and flow rate 50 ml/min during the measurements.
Simulated (Flotherm) and measured temperature distributions are shown in Fig.
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Fig. 23. Simulated (left) and measured (vight) laser surface temperatures.

As one can see from Fig. 23, a fairly good correspondence between the
simulated and measured temperature values was achieved. The temperature
maximum value in the simulation was achieved at the laser active layer near the
front mirror surface.

The dimensions of the implemented hermetic module were 22 mm (L) x 10 mm
(W) x 4 mm (H), so the total volume of the package was 0.88 cm’. The
maximum allowed leak rate of 1 x 107 atm x cm®/s under 1 cm® volume module
was specified in the applied MIL-STD-883F method 1014.9 specification. A
leak rate of 1 x 107 ... 8 x 107 atm x cm’/s was measured in the helium leak
tests of the final operational prototypes with a fine leak tester, model. The leak
rate for the dummy modules using a buffer stripped fiber without a rubber guard
tube was 3 x 10” ... 1 x 10™ atm x cm’/s. The measured leak rates proved that
the developed packaging was hermetic. The clearly higher leak rate in the final
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module leak measurement is mainly due to helium absorbed by the fiber
polymer buffer layer and rubber guard tube in the pressurization process
(Newman, 2001).

4.3.6 Evaluation of the passive alignment laser modules based on
LTCC technology

The implementation of the passive alignment laser modules proved that it is
possible to tool alignment structures such as grooves, holes and cavities to the
LTCC substrates which enable passive alignment of a laser diode and a fiber
with 3 ... 5 um transverse tolerances. The achieved transverse tolerance values
are adequate for multimode applications, but inadequate for single mode
applications.

When the laser diode chip and component tolerances are tight enough, the
passive alignment allows high coupling efficiency realizations of multimode
fiber pigtailed laser modules. The multimode fiber pigtailed laser modules can
be used in optical interconnection and sensor systems. Due to the limited
bandwidth of multimode optical interconnection system, the number of potential
applications, however, is quite limited. Sensor applications requiring high
transmitter power are one potential application for the developed technology due
to the fact that the high-power lasers used in these applications are mainly
multimode lasers.

The LTCC substrate was possible to equip with cooling structures to enable
thermal management of high-power devices. The demonstrated structures
include buried cooling channel, thermal vias and heat spreaders. The utilization
of buried cooling channel and thermal vias clearly decreased the temperature of
high-power laser diode. The low operational temperature of a high-power laser
diode is important in order to achieve a long lifetime for the device.

LTCC substrate is inherently hermetic and it was used as an integral part of
passively aligned laser module packaging. The implemented laser modules were
hermetic according to the performed leak tests. The demonstrated packaging has
good potential to enable hermetic packaging of fiber pigtailed laser modules
cost-efficiently.

70



4.4 In-mold integration of VCSEL collimator

VCSEL collimator integration in injection molding process was studied in this
work (Paper V).

4.4.1 Manufacturing concept

The in-mould integration concept for photonic module manufacturing is as
follows. Electronic substrates such as FR4 or LTCC substrates are processed and
active devices, semiconductor chips, are assembled on the substrates. The
manufactured sub-modules are used as inserts in the injection molding process,
in which the module optical and mechanical interconnections are implemented
(Paper V). The sealing of the active devices and refractive index matching
between chip semiconductor material and air is achieved at the same time.

The main features of the manufacturing concept are the utilization of bare
semiconductor chips assembled on the electronic substrates and the use of these
electronic sub-modules as inserts in injection molding and integration with
optics and mechanics in an injection molding process.

4.4.2 Design of the demonstrator module

The VCSEL module was planned to be used as an illuminator module in a
compact hologram reader system. The optical design of the lens was based on
the device selection for the application. A red VCSEL device seemed to be a
good choice for the application due to its vertical beam radiation and visibility to
the user. The possibility to use the system as a replacement system for a pointer
laser system based on an edge-emitting laser seemed to be very attractive as
well. The selected VCSEL device measures were 270 um x 200 um x 170 um
(LxWxH) and its active area diameter was 10 pum, beam divergence 13 deg
(FWHM) and emission peak wavelength of 664.5 nm.

In the optical system design performed using OSLO, the target values for

illumination beam were as following. The beam 1/¢* diameter in the exit pupil
should be 1.5 mm and the maximum illumination beam divergence 2 mrad. The
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lens design based on polycarbonate material ended to a system in which a simple
spherical lens, radius -3.175 mm, was placed at a distance of 8.656 mm from the
polycarbonate immersed VCSEL emitting surface. An aspheric lens design was
not needed to produce 2 mrad maximum divergence in the illumination system
due to the small active area diameter and low divergence of the VCSEL device.

4.4.3 Design and implementation of the sub-modules and tools

Electronic sub-module inserts for module implementation were designed and
manufactured. Fig. 24a shows designed electronic substrate for illuminator
module and Fig. 24b the implemented sub-module.
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Fig. 24a. Design of electronic substrate, and b. implemented VCSEL illuminator
FR4 sub-module.

VCSEL illuminator mold design was based on traditional injection molding and
microscope lens on injection compression molding, which is a technique used in
high-quality plastic optics production.

The VCSEL demonstrator was planned to be processed with a Fanuc al00iA
injection molding machine. The mold was designed so that by changing the
other half of the tool, another demonstrator system was possible to implement.
The tool halves designed for injection molding of the VCSEL illuminator are
shown in Fig. 25.
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Fig. 25. VCSEL illuminator mold halves.

4.4.4 Processing of the collimator

The prototypes were implemented in injection molding in the following way.
Electronic inserts were put on the fixed half by hand. Two pins in the VCSEL
tool and matching semicircles in the insert were used for the substrate alignment
with the mold. The mold was closed and polymer was injected into the mold
cavity.

In the test runs the operation of the VCSELs were tested just before inserting the
substrate in the mold. Prototypes were then injection molded with a Fanuc
al00iA injection molding machine wusing thermoplastic Lexan 123
polycarbonate material. Peak injection pressure during molding was around 700
bars and holding pressure was varied between 700 and 1400 bar. The operation
of the encapsulated device was tested just after the surface temperature was
decreased to near room temperature. The immediate observation target in the test
runs was to follow the device failure dependency of the used holding pressure in
the injection molding. Both bare and glob-top shielded devices were used in the
test processing.

The implemented FR4 VCSEL illuminator prototype is shown in Fig. 26.
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Fig. 26. Implemented FR4 VCSEL collimator.

4.4.5 Testing of the collimator

The operational yield with VCSEL demonstrator was 60% in the whole test
series consisting of 20 FR4 prototypes. All of the glob-top shielded and bare
devices were not operational, when over or equal to 1200 bar holding pressure
was used in the test moldings. When the holding pressure was decreased to
lower or equal to 1050 bar, all of the glob-top shielded prototypes were
operational and 50% of the bare devices were operational. The main failure
reason for a non-operational module was a loose bonding wire. Typically the
bonding wire was ripped off from the contact pad. The bonding wire durability
in the molding process seemed to be improved by a glob-top shielding of the
VCSEL devices and the contacts and using a lower holding pressure in the
injection molding process itself.

The collimation lens alignment accuracy with the substrate was measured by
defining the lens position according to the reference holes in the molded piece
using Smartcope 3D optical coordinate measurement system.

A measurement algorithm defined the center points of the four reference holes
and defined a reference line in the middle of the holes. This line formed the y-
axis for the measurement coordinate system. The measurement system defined
the centers of the alignment pins next and defined the reference line combining
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these two centre points. This line formed the x-axis for the measurement
coordinate system. The crossing point of these reference lines was then defined
as a reference point for the measurement coordination system (0,0). The lens
centre point was defined next and its location to measurement coordination
reference point was then compared. The achieved average transverse alignment
tolerances were +1 pum (x) and +58 pm (y) with 10 test samples. The large
deviation in the y-direction was due to lens tower bending in this direction,
which caused positional inaccuracy for the lens vertex. The measurement
coordination system definition is illustrated in Fig. 27.
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Fig. 27. Measurement system coordination definition for VCSEL illuminator.

The lens tower length was measured next. The reference point for the lens tower
length measurement was taken from the surface of metallization at the open
contact area. The average tower length value for ten samples was 8.902 mm,
when the nominal value was 8.656 mm, so the lens tower length was on average
246 pm too large. Therefore a mold modification was suggested before the same
process parameters were planned to be applied in the following module
prototype processing.

Lens surface micro-roughness and the radius of curvature were measured by a
Wyko 3300NT white light optical interferometer. The measured lens radius was
-3.33 ... 3.39 mm and the measured surface RMS roughness of the lens surface
was about 20 nm. The sample area was about 45 um x 60 pm in the
measurements. The micro-roughness value was unacceptable for the product and
a new diamond-turned insert to produce the high quality lens surface was used.
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A mold modification to decrease the lens tower length by 250 um was
implemented at the same time.

A new test series was processed and the surface micro roughness of the lenses
was measured again. With the new diamond-turned insert the molded lenses
surface RMS micro roughness was 5 ... 7 nm. An example result of a surface
micro-roughness measurement from a molded lens is shown in Fig. 28.
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Fig. 28. An example of molded lens surface micro roughness.

One can see from Fig. 28 that the diamond tooled insert surface micro-structure
is quite well replicated to the molded piece. The measured surface micro-
roughness from the diamond-turned insert was at the same level as the molded

lens surface micro-roughness.

The lens tower height was measured next with a Mitotoyo touching coordinate
measurement system, which is capable of measuring dimension with +/- 1 um
inaccuracy. The tower average length was 8.676 um, so the measured value was
on average 20 pm larger than the nominal value. The measured convex lens
radius was 3.23 ... 3.83 mm. The radius of the lens and the length of the tower
varied depending on the used process parameters. The overall optical quality of
the system was clearly improved due to the implemented modification to the
mold and process parameter iteration.
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4.5 In-mold integration of microscope lens for mobile
phone

A microscope add-on lens module in-mold integration in injection molding was
studied in this work (Paper VI).

4.5.1 Design of the microscope module

The microscope lens optical design was made with Zemax. A simple system
with double aspheric plastic (PMMA) lens was created. The camera optics were
modeled as one ideal lens with a 4.5 mm focal length. Aperture stop was set to
the ideal lens and its diameter was fixed to the estimated camera entrance pupil
size. Merit function was based on MTF calculations at several fields and it
contained restricting variables that controlled, for example, the thickness of the
lens and the distance of the lens second surface from the aperture stop. It also
had some variables controlling the ray intersect angles in order to enforce an
approximate telecentricity condition. The demands of a single element, small
size and large field of view made it a somewhat difficult task to find a good
quality design. Fig. 29 shows a ray trace picture of the final design. The two
highest object points in the picture are located at heights of 2.5 mm and 2.0 mm.
These rays have incident angles of 24 and 16 degrees at the ideal lens, which
also models the camera lens entrance pupil. Lens thickness (4.5 mm) became
slightly too large for an object that could be injection molded easily and quickly.
However, the optical quality was set as a primary target and the lens was
considered to be good enough for the prototype system.
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Fig. 29. A ray trace image of the final design for microscope lens with an ideal
camera phone lens.
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The final design had a clearly sharper image in the central part than in the edges.
Fig. 30a shows the simulated MTF values with a maximum object height of 2.5
mm. This object height corresponds to a field angle of 24 deg at the phone
camera pupil. The graphs are calculated for green LED illumination. Fig. 30b
shows how three different filed angles (32, 24 and 16 deg) cover different areas
at the image sensor surface. When the FOV of the phone’s camera is limited to
16 deg, only VGA matrix (640 x 480 pixels) can be covered on the 1.3 Mpix
sensor pixels. The sharp and distortion free area can cover approximately a 3
mm X 4 mm area on the object surface. This was considered sufficient due to the
fact that the phone display had only 176 x 208 pixels and therefore the
microscope image could be viewed with digital zoom value of three to match the
resolution in the display view. A VGA resolution was also seen as sufficient for
many applications. Final magnification of the microscope system depends on the
display size, but viewed with the camera phone’s own display and by using the
built-in digital zoom the magnification is from 10x to 40x without loosing any
resolution due to the display itself.

S_1.3300 MM S
TS /

2.0002 11 1S 2.0000 M 1280 X 960 (1.3 Mpb), 32 deg
HTS 6700 MM T\% 2.5000 MM N —

\____ 960720, 24 deg
.16 deg

Y e oo
T

T -~ b)

50.00 100,00
SPATIAL FREQUENCY IN CYCLES PER MILLIMETER a)

Fig. 30a. Simulated MTF of the microscope lens with object heights of 0 mm,
0.67 mm, 1.33 mm, 2 mm and 2.5 mm. b. Image circles corresponding to three
field angle values (16, 24 and 32 deg) in graphical overlay with different pixel
formats.

Design of the whole add-on lens was quite challenging due to the fact that an
illumination system needed to be integrated with a double aspheric singlet lens
structure. The idea in the illumination system was that the light from two bare
green LED chips and two white surface mount devices (SMD) LEDs was
collected and guided to the surface under inspection. The light sources were
placed around the imaging path and the light was guided from the sides to the
central target surface area. Surface shapes needed to guide the light from the
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sources to the target surface were designed with a combination of computer-
aided design (CAD) software (Rhinoceros) and Zemax. Imaging lens surface
profiles were first exported from Zemax and combined with the illumination
surface profiles inside the CAD software. The whole add-on lens piece created
inside the CAD program was then imported back to Zemax as an IGES file.
Optical simulations were then performed with the Zemax non-sequential ray
tracing mode.

Fig. 31a shows a ray tracing picture of the microscope lens with two polymer
immersed LED devices. A parabolic shape placed directly under the source is
used first to collect, collimate and direct the light towards the central area. A
conical surface is also needed in order to couple the light out from the piece and
also to widen the cone of illumination. Fig. 31b shows the simulated distribution
of light under the whole lens piece with two opposite LED devices. A lot of light
escapes the system from the sharp corner between the parabolic and conical
surface, but at the central part, the two opposite cones of illumination combine
and form a uniform illumination parallelogram. The designed 3 mm x 4 mm
imaged rectangular area fits nicely inside the central uniformly illuminated area.

8. 7200
8.6300
\ . 8.5600
L& N S i o @. 4500
B y i
i i / L 8. 4200
PN 2
L ©.3500
-
; v.2800
8.2100
\\\Fi\\\\ 8. 1400
. ©.0700
Parabolic Conical
surface a. 2 mmmmb‘

surface

Fig. 3la. A ray trace image of the macro lens illumination with two opposite
LEDs. b. A simulated illumination distribution under the lens with an outlined
rectangle that shows the area to be imaged.

One can see from Fig. 31a that there are no rays that exit the lens piece from the
top dome. Practically all of the rays exit the piece from the object side, not from
the camera side. In the manufactured prototype pieces the electronic substrate
acts also as a baffle inside the lens as it blocks some of the direct paths of light
from the illumination optics to the camera aperture. A separate stray light
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simulation showed that only a small fraction of the light reaching the image
sensor coupled outside the imaged area.

4.5.2 Design and implementation of the sub-modules and tools

In Fig. 32 microscope system prototype parts are shown. The two main
mechanical parts of the add-on lens were manufactured by rapid prototyping and
casting with a silicon mold. Other parts in the microscope lens system are the
battery case, battery, switches, electronic substrate, matching piece and two
fixing pieces. Module assembly is performed by hand and fixed by 1 mm
SCIeWws.

Fig. 32. Microscope lens system main parts.

The microscope lens compression molding part was designed by adding a
plunger to the illumination structure side of the mold cavity (Fig 33a). This piece
was moved a small distance into the cavity after the main mold was already
closed and the material injected. Filling of the mold was tested by using
MoldFlow 3D injection molding simulation software. The critical mold optical
surfaces were designed as separate insert parts, see Fig. 33b. The final shapes
producing lens surfaces were tooled by diamond turning on nickel coatings.
Insert pins were assembled on the tooled molds and the molds were assembled
on the injection molding machines.
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Fig. 33a. A 3D model of the injection mold. b. designs of the optical diamond-
turned mold insert pins for the microscope lens tooling.

4.5.3 Processing of the microscope lens

The prototypes were implemented in injection molding in the following way.
Electronic inserts were put on the fixed half by hand so that two pins in the mold
fitted into the holes in the electronic insert and were used to hold the insert in
position with the mold. The mold was closed after insert assembly and polymer
was injected into the mold.

Several series of microscope lenses were injection molded with Plexiglas
PMMA material type 6N. Fig. 34 shows some photographs of the manufactured
integrated parts. Several series were needed in order to find the optimal injection
molding parameters that produced good quality optical structures without any air
bubbles and other typical defects associated with injection molded parts. The set of
parameters included temperature of the mold, injection speed and holding pressure.

Fig. 34. Pictures of injection molded microscope lens with the integrated
electronic substrate with LEDs.
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After the optical quality of the lens appeared to be adequate, another set of
parameters were changed as a Taguchi test series in order to experiment how
well the LED components were able to resist the harsh environment of the mold
cavity. This time the variables were injection cylinder temperature (220-260°C),
mold temperature (60-90°C), compression distance (0.76—1.60 mm) and
compression speed (10-100 mm/s).

After the first assembly the macro lens was adjusted to its proper position by
taking pictures with the camera and tightening the screws that were used to
clamp the circuit board to the lower case. An assembled add-on microscope lens
system attached to the back of a Nokia 6630 camera phone is shown in Fig. 35.

Fig. 35. Microscope lens system attached to a Nokia 6630 camera phone.

4.5.4 Testing and characterization of the microscope lens

The microscope lens LED operational yield was observed by testing the device
operation after injection molding processing. Of the 54 embedded bare LED
chips, only two were not functional after the injection molding. All of the 54
packaged components survived the test. After the first Taguchi series, another
smaller test series was molded with the rest of the available circuit boards. This
time the tested subject was the effect of a glob-top protection on the bare chips.
With a similar set of process variables, one chip out of 11 with a glob-top was
damaged and all of the 11 reference chips without the glob-top survived. In this
case also, all of the 22 packaged LEDs were left unharmed by the overmolding
process.
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The microscope system imaging quality was tested next using different test
targets. Fig. 36a shows an image taken with the reference add-on module with
full digital zoom and with green LED illumination from the corner of an optical
grating component with 10 pm line width. The reference module contained a
microscope lens that was directly diamond turned from PMMA. In the image,
the separate lines are clearly defined and from the test pictures it was easy to
determine that two camera pixels fitted side by side inside a 10 um feature on
the object. Fig. 36b shows an image taken with white LED illumination and
without any digital zoom from a simple printed test target.

Fig. 36a. A picture taken from a 10 um grating under green LED illumination
with a reference add-on system. b. A full FOV picture taken with the reference
system from a printed test target.

Fig. 37a shows a picture of the same 10 pm optical grating taken with a device
that had an injection-molded lens. Contrast in the image is somewhat worse than
in the image taken with the reference device, but the grating lines are still
visible. Fig. 37b shows an image taken with the same system from the printed
test target without any zoom. The image is clearly blurred at all sides and it
shows that the shape of the lens is not what it should be. The error also increases
with the distance from the center. It was obvious that in this case the injection-
molded lenses did not have adequate optical quality.
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a. b.

Fig 37a. A picture taken from a 10 um grating under green LED illumination
with an injection molded lens. b. A full FOV picture taken with an injection
molded lens from a printed test target.

After the image quality testing was done, a few injection molded lenses were
characterized by measuring the lens mechanical dimensions, surface profiles and
roughness. The measurements showed that the lens surface RMS roughness was
in the range of 20-30 nm. The lenses were 140-200 um too thick at the centre as
the acceptable tolerance value was only 30 um. Fig. 38 shows an example of one
comparison of a measured profile to the ideal shape.
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Fig. 38. An example of a measured profile compared to the ideal imaging lens
shape.

The maximum profile deviations were 40—-110 um from the designed shape at a
distance of 2 mm from the lens vertex as the acceptable deviation was estimated
to be only 5 pm. These manufacturing defects caused the lower than expected
optical performance of the injection-molded lenses. Although the optical quality
of the molded lenses was not adequate in the microscope lens demonstrator case,
there is no reason why the optical quality of the lens can not be improved with
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more iteration rounds through molding, characterization and mold modification
as occurred with the VCSEL illuminator case.

4.5.5 Evaluation of the in-mold integrated demonstrators

The implemented in-mold integrated demonstrators, the red VCSEL collimator
and the microscope lens proved that it is possible to attach bare semiconductor
emitter chips on the electronic substrates, and shield the chips in injection
molding process using optical polymers, such as polycarbonate and polyacryle.
It is also possible to integrate optical structures, such as lenses, at the same time
to the electronic substrates in the injection molding process.

With proper testing of the process parameters the operational yield of the
modules can be raised to close to 100%. The operational yield of the modules
can be increased also by encapsulating the chips by a suitable glob-top material
before the injection molding.

With the microscope lens the dimensional tolerances were about some tens of
micrometers and surface profile tolerances some micrometers. In addition, the
surface RMS roughness of the lens had to be below 5 nm. The dimensional and
surface profile tolerance requirements for the microscope lens were very
demanding for the injection molding process and those requirements could not
be met with the prototype implementations. The surface roughness target was
possible to achieve by using a high-quality diamond-turned insert in the
replication. The VCSEL demonstrator, however, proved that the dimensional
and surface profile requirements are possible to achieve by repeating iteration
cycles consisting of mold modification, process parameter iteration and
characterization.

The cost of the tool for high-quality optics replication is typically high and the
cost for the VCSEL tool was EUR 25,000 and for the microscope lens tool EUR
27,500. Manufacturing cost per produced module can be evaluated using Cost of
Ownership (COO) model (Ragona, 2002), in which the investments to
processing and manufacturing machines, facilities like production floor,
accessories and labor and other recurring costs during the lifetime of the
equipment are summed up. The cost per produced good module is simply

85



achieved by dividing all the manufacturing costs by a number of produced
acceptable modules. Thus COO depends on the production rate, equipment
acquisition cost, equipment reliability, maintenance, utilization, throughput,
yield, rework and scrap cost and useful life time of the system.

The estimated COO of the VCSEL collimator was EUR 0.14, when 10 Million
good modules were produced in a year. It is important to notice that the total
costs of the module was evaluated to be EUR 0.84, so the packaging costs were
about 20% and component costs about 80% of the module total costs. It seems to
be a normal trend that the component cost portion about total cost increases and
the packaging cost portion about total cost decreases, when the production lot
size increases. Therefore, the component cost is very critical in the volume
production.

The COO modeling can be correspondingly applied to estimate production cost
of any photonic system, when accurate information about production yield and
throughput rate is available. The achieved results with the demonstrators suggest
that the in-mold integration can be considered a very cost-efficient method to
produce intelligently integrated photonic products.
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5. Discussion

The most important general characteristics of a photonic module are performance,
cost and reliability. The order of importance between these characteristics depends
strongly on the application and in some applications the order of importance can
even be cost, cost and cost.

The very essential issue in the photonic module packaging related to the
performance is the optical coupling implementation. The efficient optical
coupling between emitters and waveguides, the active area dimensions of which
can be only some micrometers with single-mode devices requiring sub-
micrometer alignment tolerances, is very challenging especially when the
coupling has to be implemented with high cost-efficiency. In this thesis the cost-
efficiency is applied through the integration in such a way that several functions
are typically combined in a single piece. Implementation of passive alignment
features on a multilayer ceramic electronic substrate, for example, combine
electronic functions and optomechanical high accuracy features in a single
platform enabling passive alignment of devices. The passive alignment of
devices enable module implementation with lesser components, more economy
assembly machines and shorter throughput time compared to the active
alignment, if the component and substrate tolerances are tight enough. By means
of passive alignment and integration, an improved cost-efficiency of the modules
is possible to attain.

In this thesis the performance of the passive alignment substrates was seen to be
adequate for multimode applications. Further studies are needed in order to
achieve alignment tolerances required in single-mode applications. It seems that
the use of new photoimageable materials offers the greatest opportunity for
improvement of the alignment structure accuracy. Another benefit would be that
the passive alignment structures or alignment fiducials for the photonic devices
can be manufactured in the same process. Another possibility to reach accuracy
for single-mode applications is to combine passive and active alignment by
implementing the rough alignment passively and then applying the required fine-
tuning by an additional actuator. In practice this can be implemented by a fine
adjustment actuator integrated to the substrate. It is worth mentioning here that
the high-accuracy silicon substrates are capable of providing required passive
alignment accuracy for single-mode applications.
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The experiences in the course of this thesis have shown that the possibility to
evaluate packaging concepts and optimize detailed structures and tolerances
through simulations offer a very effective tool for photonic module integration.
The sensitivity analysis informs the most significant tolerance variables and
directs the enhance effort to the most important variable targets where the largest
benefit is gained. This is an important part in the cost-effective packaging design
of modules. The sensitivity analysis can be supplemented by Monte-Carlo
tolerancing in which all tolerance variables are simulated simultaneously as
distributions and statistical information about the system performance is
obtained. This kind of simulation information can be used to evaluate how much
a certain tolerance value improvement is expected to increase the yield. Finally,
cost-of-ownership modeling can be applied to estimate manufacturing cost of the
packaged modules. The simulations are important tools, but in the end the
implementation and characterization of the prototype devices and modules
verifies designs and offers information to enhance design and simulation models.

The most important environmental factors that deteriorate photonic modules and
shorten the lifetime of active devices are probably temperature and moisture.
Therefore, the thermal management of high-power laser diodes and LEDs is
very critical and electronic substrates have to be equipped with effective thermal
vias, heat spreaders and possibly with cooling channels in order to enable
reliable and stable operation of devices.

The effect of moisture can be revoked by sealing the sensitive devices
hermetically. Hermetic sealing provides tight barrier also for water vapor and it
enables long-term reliability for photonic devices. The created packaging
concept utilizing ceramic substrates as an integral part of the hermetic package
can be further utilized with various module implementations requiring hermetic
sealing of devices.

Epoxy or polymer encapsulation revokes water penetration and retards water
vapor penetration, but finally water vapor reaches the semiconductor surface and
bonding wire joint and the deterioration of the junction and joint accelerates
rapidly. The long-term operational reliability of the in-mold integrated modules
has not yet been studied very well. Performed tests so far showed that the
operational temperature of devices is a very critical issue, when considering in-
mold integrated module lifetime. In practice, the excess thermal power has to be
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transferred effectively from the devices in order to ensure long-term reliability of
the devices. Preliminary accelerated aging tests have been performed to
encapsulated modules using test conditions of 80%RH and 60°C. The total test
time was 2790 hours for the modules. All modules were operational after the test
period and insignificant optical power drop was monitored from the modules
during the test. In addition, the effect of thermal cycling was preliminary tested
with the modules. When thermal cycles of -40 ... + 70°C were used for the LED
demonstrator, the monitored optical power of the LED varied as a function of
temperature. The encapsulated LED devices remained operational after several
hundreds of cycles. More exhaustive studies, however, are needed to develop
effective thermal interconnections for devices in in-mold integrated photonic
modules and evaluate the effect of moisture penetration.

The passive alignment enables cost-efficient module integration of high
performance photonic modules, if the device, component and substrate
tolerances are tight enough. Fig. 39 shows the achievable passive alignment
tolerances between devices and components in the implemented modules in this
thesis.

IR spectrometer Alignment tolerance

Sub-micron

Profilometer

.o I Below +/- 100 pm

Laser module  Hermetic laser module

Below +/- 10 pm

Microscope lens  VCSEL collimator

Fig. 39. Passive alignment tolerances in the implemented modules.

Below +/- 60 um
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The IR spectrometer can be considered to present an example of the achievable
integration level of MOEMS using silicon processing. Silicon processing
enables sub-micron alignment tolerances between devices in monolithically
integrated module. Infrared spectrometer implementation in this thesis proved
that monolithic integration of high-speed optical functions and driving and
signal processing electronics on a single silicon chip is technologically very
demanding task and it was not feasible in this case.

The development work towards high performance and cost-effective monolithic
PICs based on InP and GaAs materials for communication systems will continue
in the future. The silicon technology development will also continue towards
monolithic PIC, but the probability to reach the target is very low in the near
future.

Most of the presented demonstrators are located within the hybrid integration
theme. Hybrid integration enables effective combination of the high efficiency
photonic sources produced by compound semiconductor technologies with
photonic sensors and driving and processing electronics produced by silicon
technologies.

There are no examples of heterogeneous integration presented in this thesis. The
microscope lens and VCSEL collimator demonstrators, however, show one
possible development direction to approach the heterogeneous integration theme.
The plastics integration technology based on utilization of printed electronics
substrates containing photonic devices combined with plastic optics using
molding technologies seems to provide an example of a possible heterogeneous
integration technology for photonic modules of the future. It could also be
possible that processing and material technology development enables wafer
bonding of polymer and thin silicon substrates and integration of optical
components in a molding process in the future.
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6. Summary

In this thesis, we have developed ways to implement the very critical optical
coupling between devices in photonic module packaging using passive
alignment.

Silicon surface micromachining allows implementation of optical structures of
devices and alignment between devices with sub-micron accuracy. The achieved
high alignment and structural accuracy of devices in silicon processing is based
on utilization of lithographic processes, which are well capable to produce below
100 nm features accurately. In this thesis a high integration level infrared
spectrometer sensor module was demonstrated using silicon surface
micromachining. It was noticed that silicon technology was capable to produce
monolithically integrated emitter and detector on a silicon chip. The silicon
technology, however, was not capable of producing dispersive optical
component, driving and data processing electronics to a same chip and
development of effective hybrid integration technologies is therefore still
required.

As an example of utilizing electronic substrate in the photonic module hybrid
integration, multilayer ceramics substrate technology was studied. A miniature
profilometer based on an active triangular distance measurement principle was
implemented on a multilayer ceramic substrate. The passively achieved
transverse alignment accuracy in assembly between components was below +/-
100 um, which was adequate to enable accurate measurements with the sensor
system.

It is also possible to produce photonic modules using hybrid integration in which
the alignment and optical coupling between devices and components is based on
use of a suitable substrate with alignment structures or other mechanical
alignment structure. In multimode fiber optics applications below +/- 5 um and
in single mode applications sub-micron alignment tolerances are typically
required. The utilization of passive alignment in photonic is cost-efficient
method to implement modules, when the tolerances of the devices and substrates
are tight enough. In this thesis transverse alignment accuracy of 3 ... 10 pum
between laser diode and fiber was achieved using passive alignment based on
multilayer ceramic substrate technology. The achieved passive alignment

91



accuracy is adequate for multimode applications, but inadequate for single mode
applications.

The multilayer ceramic substrate was used as an integrated part of the casing
structure in a passively packaged hermetic laser module demonstrator. The
dimensions of the module were 22 mm (L) x 10 mm (W) x 4 mm (H) so the total
volume of the package was 0.88 cm’. The maximum allowed leak rate of
1 x 107 atm x cm®/s under a 1 cm® volume module was specified in the applied
MIL standard for a hermetic module. A leak rate of 1 x 107 ... 8 x 107 atm x
cm’/s was measured in the helium leak tests of the final operational prototypes.
The leak rate for the dummy modules using a buffer stripped fiber without a
rubber guard tube was 3 x 10” ... 1 x 10® atm x cm’/s. The measured leak rates
proved that the developed packaging was hermetic.

The utilization of bare chips assembled on the substrates and encapsulated with
polymer in the in-mold integration process was demonstrated successfully by a
novel VCSEL illuminator for a future hologram reader and a microscope add-on
lens for a Nokia 6630 mobile phone. Demonstrator modules were processed by
encapsulating the bare emitter chips on FR4 substrates in optical polymer and
processing the lens surfaces at the same time in injection molding process. Lens
surface was molded on top of a source below +/- 60 um transverse alignment
tolerances, which was at adequate level in both demonstrators and also in many
other sensor and illumination module applications. The required surface
roughness of around 5 nm for replicated optical surfaces was possible to achieve
using diamond tooled inserts. It was noticed that the high profile and
dimensional accuracy requirements for imaging lenses can be obtained through
mold modifications and process parameter iterations for the final production.
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