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1.1

Introduction

This chapter provides a brief introduction to the research covered in the
present thesis: micro-assembly using product-internal assembly functions
(PIAF). First, the effect of the continuing technological miniaturization on
assembly demands is briefly introduced in Section 1.1, opening up oppor-
tunities for the novel micro-assembly method investigated here, which is
subsequently introduced. In Section 1.2, the objective and the main
research questions are introduced, followed in Section 1.3 by an explanation
of the approach taken in the investigation. Finally, the structure of the thesis
is outlined in Section 1.4.

The effect of miniaturization on assembly
demands

In the past decades, miniaturization has been an important driving force in
the development of technology. For example consumer products have
become smaller and smaller, and at the same time function densities have
increased dramatically.

This miniaturization trend has a significant effect on production. It brings
challenges to both part manufacturing and the assembly of these smaller
parts into composed products. Assembly of miniature parts is commonly
referred to as micro-assembly. Micro-assembly is the assembly of small
products with a high accuracy, in the range of 0.1-20 um, having overall
dimensions of about 0.5-30 mm, and with part features in the order of
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10-100 pm. Along with the miniaturization trend, micro-assembly gains in
importance in the assembly domain.

In addition to reducing overall part and product dimensions, the fabrica-
tion tolerances and the positioning requirements also become stricter.
Assembly is performed manually or (semi-)automatically. When scaling
down to smaller dimensions and at the same time moving towards higher
accuracies, it becomes increasingly difficult to fulfil the stricter require-
ments using these conventional assembly methods. Assembly times increase
and the costs constitute a larger part of the overall production cost than in
the case of macro-scale products.

The fact that conventional assembly methods have increasing difficulty to
fulfil the tighter demands posed to micro-assembly asks for the use of pos-
sible alternative methods to perform micro-assembly. The present thesis
covers the feasibility study regarding one of these methods: micro-assembly
using product-internal assembly functions, PIAF for short.

The PIAF method

This method distinguishes itself from other methods by the fact that part of
the assembly functionality is included into the product subject to assembly.
The process is started with a coarse assembly step, to prepare for the prod-
uct-internal assembly process. The functions that apply for integration in
the product are (1) controlled positioning of the component, (2) sensing
the position of the component, and (3) fixation of the component in the
final position, see Figure 1.1.

Coarse Assembly | Fine Assembly £ _ Potential PIA
Process ”l  Process (i._..4 = Potential PIAF)
Chapter 5 S T —
Fine i Fixation in
positioning final position
Chapter 4, 6 Chapter 7
(Potential)
Sef‘t.se product internal
position assembly functions

Figure 1.1 Schematic function overview of micro-assembly using product-
internal assembly functions (including the chapter numbers in which the
indicated sub-functions are discussed)
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Although adding functionality to the product likely increases its cost, the
overall cost may actually be decreased because it reduces the required accu-
racy of the preceding coarse assembly step. Moreover, it may positively
influence assembly yield and cycle time, and possibly result in higher assem-
bly accuracies.

Microsystem technology (MST) - comprising lithography-based techniques
from the integrated circuit (IC) domain for selectively depositing and
removing material on wafers - is selected as enabling technology for creat-
ing the product-internal functionality. This technology was selected based
on its capability to create very small structures with extremely high accura-
cies at potentially low cost, resulting from its possibility of batch processing.
The processing also has limitations: a restricted set of techniques is available
and processing is predominantly planar, posing challenges to the design of
the often required 3-D structures.

Although a small number of MST-based devices have been found in litera-
ture that can be categorized as example implementations of the PIAF
method, this method of micro-assembly to date has not been investigated in
a comprehensive manner. When considering the potential advantages and
the apparent drawbacks, it is not evident whether the PIAF method could
become a viable alternative for existing micro-assembly methods. This has
formed the most important motivation for this research.

Objective and research questions

The focus in the investigation has been mainly on the technical feasibility of
the method, involving whether and how the required functionality can be
realized. This is a necessary precondition for the economic viability of the
method, which concerns if and under which conditions the method can be
an attractive alternative compared to competitive methods. Although it
would be valuable to make statements about the economical applicability of
the method, this is very complicated, since reliable quantitative estimates of
costs and sales volumes would be required, both for the PIAF method and
for alternative methods, which are extremely difficult to obtain. Therefore,
only a limited assessment of its economic viability is presented in the con-
cluding chapter of this thesis.

Technical aspects for investigation are for example the possibilities of the
product-internal functions, such as attainable actuation forces and ranges,
but also the achievable number and configuration of different positioning
actuators. Integration issues also need to be considered, as the PIAF func-
tionality should be included into the product without or only minimally
affecting its primary functionality. Finally, bringing the component to be
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1.3

assembled into contact with the MST-based internal assembly functionality
- which is most likely fragile - also requires investigation.

The research has an exploratory character; therefore the main objective of
the research has been defined as follows:

To explore the technical feasibility of using MST-based product-internal
assembly functions for the purpose of micro-assembly.

Research questions related to this objective are:

»  What is the portion of assembly functionality to be performed product-
internally? How (and to what degree) is the product-internal assembly
functionality integrated in the overall system?

»  What methods are available for coarse placement and fixation of the part?

«  What methods/technologies are available for product-internal fine posi-
tioning of the part?

»  What methods/technologies are available for sensing the relative position
of the part?

»  What methods/technologies are available for final fixation of the part?

«  How does the product-internal assembly functionality interact with the
primary device functionality? What interactions and trade-offs exist
between the coarse and fine assembly functionality? How do the fine posi-
tioning and the fixation functionality interact?

Internal position sensing is not part of the investigation to limit the com-
plexity and size of the project. Instead, for the product case under investiga-
tion - introduced in the next section and discussed in more detail in Chapter
3 - it is reasoned that position sensing takes place conventionally using
external means.

The remaining research questions are treated in detail in the present thesis,
starting with the first one in Chapter 3 by making initial decisions on how
the product-internal assembly functionality should be combined with the
primary device functionality for the product case under investigation.

Research approach: designing for a specific
product case

It was decided to make the investigation more concrete by developing prod-
uct-internal assembly functions for a specific product case. The selected
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product case was the accurate assembly of an optical fibre with respect to a
laser diode in a realistic coupling configuration for telecommunication
applications. This case was selected based on its industrial relevance and the
assembly challenge in aligning at very tight tolerances in order to maximize
light coupling between the components. The strictest tolerances are in the
plane perpendicular to the propagation direction of the light and can be as
small as 0.1 um for the most demanding situations.

Following from the decision to focus the investigation on the fibre coupling
case, the problem statement and the research questions presented in the
previous section were narrowed down towards the content of this case. The
problem statement for the fibre coupling case is as follows:

In what way can MST-based product-internal assembly functions best be used
for accurately assembling an optical fibre with respect to an optical chip in the
selected fibre-chip coupling case?

The related research questions are a further specification of the ones written
above, and are therefore not repeated here.

By developing product-internal assembly functions for a specific product
case, we obtain valuable insights in what is exactly involved in applying this
concept. However, it should be realized that it is only possible to draw con-
clusions about the case being considered; it is not allowed to extend these
conclusions to other cases without verifying the validity. Scientific research
is generally considered to be composed of explorative research followed by
evaluative research in a cyclic manner; in the exploration phase observa-
tions are made, aimed at development of a theory and/or formulation of
hypotheses (induction). In the evaluation phase, these assumptions or
hypotheses are used as starting point for making predictions about other
cases (deduction), which are then tested by collecting observations that
either confirm or falsify the expectations. Combined they expand the
knowledge about the subject under investigation; see e.g. Christiaans et al.
(2004). From this viewpoint the presented explorative case study is an
essential first step in a possible broader investigation into the technical fea-
sibility of the PIAF concept, aiming to result in a better understanding and
assumptions about the issues involved, which may be verified in an evalua-
tive investigation with regard to validity for a wider application field.

Design process

The development of product-internal assembly functionality is a typical
example of a mechanical design process. In literature various sources on
design methodology can be found, with often little difference in the
described methodology. The present project loosely follows the design
approach as presented by Pahl and Beitz (1996), in which the design process
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is split up into four main phases: problem analysis, conceptual design, embod-
iment design and detail design.

First, during the problem analysis, the design problem is analyzed and all
demands and wishes are gathered in a requirements list, which serves as a
starting point for the following design steps. In the conceptual design phase,
suitable solution principles are found for all sub-functions and combined
into concept variants, which are evaluated against criteria derived from the
requirements list. Subsequently, during the embodiment and detail design
phase the technical design is developed from the concept, in accordance
with technical and economical considerations, ultimately aiming to lead to
an overall solution that best fulfils the initial task set out at the start of the
design process.

The design process used in the present research project largely followed the
here described procedure, starting with the problem analysis in Chapter 3.
The design problem was elaborated and an overview of the relevant require-
ments was drawn up. Next, described in Chapters 4 through 7, solution
principles for the main considered sub-functions fine positioning, coarse
assembly and fine fixation were investigated and developed in a step-wise
approach, increasing in complexity from 1-D to 2-D fine positioning, and
ultimately leading to a proposed overall design, presented in Chapter 7.
Demonstrators were developed and realized at the Delft Institute of Micro-
systems and Nanoelectronics (DIMES) of the TU Delft.

In the thesis, relatively much attention is paid to finding and developing
solution principles on sub-function level, due to the relative immaturity
and lack of standardization of the used technology. For example, MST-
based actuators for internal fibre positioning required dedicated develop-
ment. Moreover, this is an important aspect in the underlying PIAF feasibil-
ity investigation. For applying PIAF, typically the same sub-functions
should be fulfilled regardless of the product case involved. Therefore, the
discussed solution principles may be used for other cases for which PIAF
should be applied and have a broader relevance than for the considered fibre
coupling case only.

Although the selection and development of solution principles for the indi-
vidual sub-functions is presented sequentially in Chapters 4 to 7, the actual
steps took place more in parallel. Additionally, the solution principles were
not only evaluated on sub-function level, but also on system level to ensure
good compatibility with the other parts of the system.
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Structure of the thesis

The chapters in this thesis are grouped into three parts, as shown in Figure
1.2. In Part I, comprising the first two chapters, the research focus is out-
lined. In the present chapter, the research goal and questions were defined,
and the approach for the investigation was explained. Following, the back-
ground and motivation of the research is further elaborated and the PIAF
concept is discussed in more detail in Chapter 2.

Part I1, encompassing Chapters 3 through 7, is dedicated to the design and
development of product-internal functionality for the fibre coupling prod-
uct case. In Chapter 3, the first design choices regarding the device config-
uration are explained and the requirements overview for the internal
assembly functionality is presented. Following, in Chapter 4, an MST-based
actuation principle is selected for positioning the fibre tip in the chosen
product case, and test results are presented of 1-D in-plane embodiments
for this actuation principle. In Chapter 5, a design is proposed for the coarse
assembly process that should precede the final fine positioning of the fibre,
after which the design, fabrication and testing results of the developed MST-
based 2-D fibre concept are presented in Chapter 6. In Chapter 7 the selec-
tion, development, and test results of the fibre fine fixation functionality are
presented, together with adaptations to the 2-D positioning functionality to
enable integration into a single chip. Their joint performance is discussed
based on experimental and modelling results.

Finally, in Part III, consisting of Chapter 8, the results achieved in the
project are discussed and the application potential of the PIAF method is
evaluated, after which the chapter is concluded with suggestions for further
research.
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Figure 1.2 Structure of the thesis




2.1

Background and introduction PIAF
concept

In this chapter, the novel concept of using MST-based product-internal
assembly functions for the purpose of micro-assembly is discussed, along
with relevant background information and examples.

In Section 2.1, background information is provided about assembly in gen-
eral and micro-assembly in particular, and the main challenges regarding
micro-assembly are outlined. The possibilities and limitations of currently
used and researched micro-assembly methods are discussed in Section 2.2,
followed in Section 2.3 by an in-depth treatment of the novel micro-assem-
bly concept investigated in this research. Finally, the selection of MST as
technology enabler for the PIAF concept is more elaborately explained in
Section 2.4, accompanied by an overview of MST-based PIAF and PIAF-
related examples from literature.

Micro-assembly as research area

In recent history a gradual shift in focus of academic research has taken
place from the conventional assembly domain (also called macro-assembly)
towards micro-assembly, very much in parallel to a major technological
trend in the last decades: miniaturization. In the following subsections, a
brief introduction into assembly is provided, followed by a discussion of the
relevance of micro-assembly and specific challenges in the micro-assembly
sub domain.
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Assembly terminology and characteristics

Assembly is defined in Webster's dictionary as the fitting together of manu-
factured parts into a complete machine, structure, or unit of a machine. The
necessity of assembly originates from the need for separation of parts. In
Willemse (1997), seven fundamental reasons were formulated that give rise
to the need for part separation, the most important of which are:

 (relative) motion possibilities;
 fabrication considerations;
« different material properties.

A comprehensive treatment of the assembly terminology and their defini-
tions is provided in Vos (2001). Assembly can be considered the final part
of the product creation process. Discrete parts are fabricated from raw
materials (fabrication or part-manufacturing) and subsequently combined
into composed products using assembly. Production in this thesis denotes
the area that includes fabrication, assembly, and all product creation related
fields such as product design and production planning. The assembly proc-
ess consists of a sequence of assembly operations. In a basic assembly cycle
typically the assembly operations feed-grip-move-mount take place, how-
ever a multitude of other terms are also used in describing assembly opera-
tions. For example, the terms connect, mount, fit, and join are used as
synonyms. They all represent the process of making a connection between
parts (Baartman 1995, p.11). The same holds for the slightly different but
related terms fasten, fixate and fix, which are used to describe the putting a
part securely in place or in a desired position.

Manual versus automatic assembly

A main classification of industrial assembly is based on the level of automa-
tion that is being applied. In many occasions, assembly can be performed
manually, requiring hardly any tools or machines. However, both econom-
ical and technical motives for automation can be distinguished. Willemse
(1997) has identified five different possible reasons for assembly automa-
tion:

- rationalizing of production, viz. productivity gain or cost savings;
» elimination of monotonous tasks;

 improved quality control and less rejects;

+ miniaturization beyond human handling capabilities;

+ special environmental conditions, such as clean rooms or handling in
hazardous environments, such as nuclear systems.
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Based on individual product and production requirements, the entire range
from completely manual assembly to fully automatic assembly may be
encountered in industry. The most important parameters for determining
the appropriate level of automation for a given situation are production vol-
ume and product complexity (Vos 2001). Generally, a higher level of automa-
tion is warranted only at higher production volumes and lower product
complexity.

Despite significant efforts to improve this issue, up to now automated
assembly is still relatively inflexible compared to manual assembly. An
important bottleneck preventing successful implementation of flexible
automation is embedded in the products themselves. Assembly is not taken
into account in the design, making the majority of present-day products
unfit for flexibly automated assembly (Willemse 1997). Therefore, assembly
automation is only considered feasible if the required investment pays off
within a few years, ideally within the expected production duration the ini-
tial investment is set out for. Potential long-term advantages of automation
are mostly not considered since they are outside the time scope of the finan-
cial calculations.

Issues limiting high-level automation from becoming more widespread are
found both on the demand and the supply side. Especially in the consumer
product market the demands on the assembly process have grown consid-
erably, due to market developments and increasing competition. Generally,
over the past years, production series have become smaller due to shorter
product life cycles and a trend towards increased product differentiation,
which can only partly be addressed by applying a modular product design
(Doll and Vonderembse 1991)!. An example of a high degree of differenti-
ation combined with short life cycles can be seen in the mobile phone mar-
ket, in which market leader Nokia alone offers over 100 models worldwide
and has launched 30 new models in the first half of 2008 only (Nokia 2008).
On the supply side, automation should compete with an increased availa-
bility of cheap labour. In many industries, shifting assembly to low-to-
medium-wage countries has taken a high rise in recent years, for a large part
to South-East Asia but for example also to Eastern European countries.
Nevertheless, in some situations technical or economical reasons exist for
selecting some form of automation to perform (part of) the assembly proc-
ess.

1 A trend also characterized as ‘low-volume/high-mix’

11
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Challenges in micro-assembly

One of the strongest driving forces in technology development in recent
decades has been miniaturization. The aims in product miniaturization are
to increase the function density of products, to achieve new product possi-
bilities, or to improve energy efficiency or material usage (Tichem and Kar-
puschewski 2002). This has led to the emerging of more and more
miniature-sized products, so-called micro-products. Assembly associated to
composed products of this type is often referred to as micro-assembly.

Micro-assembly is the assembly of small products with high accuracy. In lit-
erature, no single clear definition of micro-assembly is given. In this thesis,
micro-products are characterized as having overall part-and product
dimensions in the range of about 0.5-30 mm, with part features in the range
of 10-100 pm.!

Generally, the demanded accuracy in positioning is high. The required
accuracy in relative position of features of parts may vary from 10-20 um
down to 0.1 pm for the most demanding applications. This accuracy should
be maintained after parts are joined, e.g. by gluing or soldering.

Micro-products can either be stand-alone products, or can be applied in
larger-scale systems. Example application fields are (Tichem and Kar-
puschewski 2002):

 photonics and optoelectronics, e.g. fibre(-array) to chip coupling, opti-
cal switching;

 biomedical instruments, e.g. for tissue handling, surgery, endoscopy
and catheterisation;

« consumer electronics, e.g. disk drives, reading head actuators, mecha-
nisms in video cameras;

+ automotive industry, e.g. the application of micro-systems in engine
systems or safety systems;

+ production engineering, e.g. micro sensors for process monitoring and
micro grippers for assembly.

Micro-products include both highly miniaturized mechatronic systems
which originate from the mechanical engineering discipline, as well as so-
called hybrid microsystems, which originate in the semiconductor domain.?

12

1 Although representing an interesting emerging field of investigation, structures in

the nanometre range are not included, since they comprise only a relatively small por-
tion of the overall micro-product portfolio which do not yet require industrial assembly.
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Increasingly, it can be seen that micro-products also comprise of parts from
both technology domains. From this viewpoint, the area of micro-products
and micro-assembly can be considered as a field in which these traditionally
separate technology domains meet. In Figure 2.1 a schematic overview is
shown of micro-products with their associated fabrication technology
domains.

Technology
domains (Precision) mechanical . )
R X . Semiconductor domain
engineering domain
Micro-product ‘ l
categories
Micro-mechatronic Combination micro -mechanical and . .
Hybrid microsystems
systems MST components

Figure 2.1 Micro-product categories with their associated technology
domains

Interest in micro-assembly, also as part of academic research, has been
fuelled by the increased availability of micro-products. Specific challenges
that are met in the micro-assembly area are mostly related to the small
dimensions and the high demanded accuracies involved. According to Rein-
hart and Hohn (1997) the main challenges associated to the manipulation
and assembly of micro parts can be summarized as follows:

+ Tolerance problems: exceptionally small assembly tolerances are per-
missible, which, depending on the application, lie between 0.1 and
20 pm.

+ Force problems: with reducing product dimensions, the relative influ-
ence of physical effects that operate on the objects change. Forces
related to surface interactions - electrostatic forces, surface tension
forces and Van der Waals forces - start to prevail over gravity, which
scales with the volume of objects (Fearing 1995, Arai et al. 1995). This
may result in uncontrolled part behaviour, e.g. repulsion of the micro
part or sticking of the part to the gripper. In addition, due to small con-
tact areas, even low forces may exceed the allowable surface pressure
and consequently damage the components, which are often very fragile.

2 In the USA, but also in other regions, these are mainly referred to as Micro Electro

Mechanical Systems or MEMS; in Europe the term Microsystem Technology (MST) is
used to describe the associated technology domain. The latter term is also used in the
present thesis for this purpose. A more elaborate introduction into MST is provided in
Section 2.4.
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« Interference factors: e.g. vibrations, temperature changes or contami-
nation can cause positioning errors or have an adverse effect on prod-
uct quality.

+ Variety of models: a notable feature of micro-products is their large
number of different models. Any system for automated assembly of
micro-products therefore should be suitably flexible.

Due to the specific challenges related to micro-assembly, usually lower
assembly speeds and yields are achieved than in the macro domain. Micro-
assembly cost is therefore typically relatively high. According to informa-
tion from industrial companies it is often between 60 and 90% of the total
product cost (Tichem and Karpuschewski 2002). Consequently, a natural
approach is to try to avoid micro-assembly altogether by employing a
higher level of integration than with conventional size products. However,
critical micro-assembly steps become increasingly unavoidable.

Micro-assembly methods and research

In this section, the main methods currently employed and being researched
to perform micro-assembly tasks are briefly discussed. For a more extensive
overview the reader is referred to Bohringer ef al. (1999) and Van Brussel et
al. (2000).

Current micro-assembly approaches

Approaches currently used for performing micro-assembly tasks in indus-
try are based on downscaling or otherwise adapting macro-scale assembly
solutions. Both manual and automated assembly solutions are employed, of
which manual assembly is still widely used because of its unsurpassed flex-
ibility. Usually, the sensor and actuator skills of the human operators are
improved by providing them with appropriate tools or equipment, ranging
e.g. from tweezers and microscopes to vision systems and mechanisms
which increase the sensitivity for the operators' movements.

A difficulty in manual handling of micro-parts is the loss of direct hand-eye
co-ordination (Van Brussel et al. 2000). The microscopes and tools limit the
ability to directly see and sense the objects to be handled. The tools have less
degrees of freedom than the human hand and the assembly and grasping
forces are generally too small to be sensed by a human operator.

A method under investigation to solve the lack of force feedback for accu-
rate positioning under contact is by so-called haptic micro-assembly using
master-slave tele-operation systems equipped with force sensors. In such
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systems the position of the master arm, manipulated by the operator, is
scaled down and used to control the position of the slave. The forces meas-
ured by the slave system are amplified and transferred to the master arm.
Haptic micro-assembly systems are in a research stage and are not yet com-
monly applied in industry.

Since manual micro-assembly tasks are very demanding on the human
operators performing them, they are time-consuming and costly, and fre-
quently give rise to quality problems (Reinhart and Héhn 1997). In certain
challenging cases, demands on the assembly process supersede the capabil-
ities of human operators, despite the use of supporting sensor and actuator
systems.

Accuracy of manipulators

To overcome the problems related to the limited capabilities of human
operators, employment of automated assembly solutions is a logical
approach. However, as indicated in the previous section, the demanded
positional accuracies in the micro-assembly domain typically are much
stricter than for macro-scale assembly. This degree of precision is beyond
the calibration range of conventional open-loop assembly devices used in
industry. Conventional multi-link robots typically have a repeatability in
the order of 100 pm, which is much higher than the defined 20-pum upper
threshold for micro-assembly. Examples of state-of-the-art SCARA! robots
especially designed for micro-handling are the twin-arm RP series MELFA
robots by Mitsubishi Electric, which have a repeatability of at best + 5 pm
in the horizontal plane and £+ 10 pum vertically at a pick-and-place cycle
period less than 0.5 s (Mitsubishi 2008).

A common approach to improve the assembly accuracy is by employing
closed-loop vision feedback. Particularly in the highly specialized assembly
of electronic components onto printed circuit boards (PCBs) this is very
successful. These so-called pick-and-place operations on surface mount
devices (SMDs) essentially consist of a 2-D problem, which is well-solved
using highly specialized equipment optimized for high throughput and low
cost-per-placement. For example, the AX-201 module of the Dutch assem-
bly machine supplier Assembléon is capable of placing up to 18,000 SMD
components per hour on a board with a 3-sigma placement accuracy of
20 pm (Assembléon 2008).

Frequently, however, micro-assembly tasks are not restricted to 2-D opera-
tions only. In those cases, the manipulator should have sufficient accuracy

U Selectively Compliant Assembly Robot Arm: common assembly robot configuration

with a higher compliance in the horizontal plane to facilitate vertical assembly motions
such as typical peg-in-hole insertions.
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in a 3-D workspace, making the manipulation problem considerably more
challenging. The application of force sensors for feedback purposes is
researched, but up to now hardly applied in industry. If accuracies down to
the sub-pm range are required, then typically precision positioning stages
need to be applied that take care of the final positioning over a small range
in a limited number of directions.

Current micro-part gripping

Typical problems in micro-assembly are related to the way the part can be
gripped. Conventionally, mechanical grippers are used for manipulating
macroscopic objects. Together with vacuum-based gripping this is the main
applied method in industry when scaling down to the micro-domain. Due
to the fragility of many micro-parts the force applied by the gripper should
be precisely controlled. Many kinds of mechanical micro-grippers have
been built; see Van Brussel et al. (2000) for examples.

A vacuum gripper is very simple as it consists mainly of a soft thin tube or
pipette connected to a vacuum pump, making this kind of gripper cheap
and easy to replace. Gripping electrical components for PCB assembly typ-
ically takes place using vacuum. The smallest standardized passives
nowadays handled by pick-and-place machines have a footprint of
0.01x0.005 inch (254x127 pm), hence their name ‘01005’-components.
Naturally, an approximately flat non-permeable top surface is necessary for
successful vacuum gripping.

A particular problem when using vacuum for manipulating micro-parts is
that the tube has to be very thin and, therefore, is easily obstructed by small
particles. More generally, to reduce the influence of interference factors,
handling and assembly of micro-parts should be carried out in clean rooms
or local clean areas. Furthermore, it is important to take precautions to
reduce the effect of adhesive forces. Example measures are a reduction of the
contact surface area, or performing assembly in a humidity-controlled envi-
ronment (Tichem and Karpuschewski 2002). In addition, part releasing
strategies may be required to ensure the correct placement of a micro-part
at the end of the gripping cycle, for example by applying an auxiliary tool to
press the micro-part on the substrate while releasing and retracting the

gripper.

Micro-assembly research directions

The difficulties in performing micro-assembly tasks have stimulated
research into improved or alternative micro-assembly methods, mainly ori-
ented at:
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« alternative micro-gripping methods;
+ micro-factories;

« batch assembly methods.

Alternative methods for micro-gripping

Upon scaling to smaller dimensions, alternative gripping principles uncom-
mon to the macro-domain may be applied. A wide range of gripping prin-
ciples could apply; see Tichem et al. (2004) for an overview. Examples are
liquid solidification-based micro-gripping as investigated by Lang (2008),
and capillary gripping, researched e.g. by Lambert (2005), which is attrac-
tive for its automatic centring of the component to the gripper surface and
its compliance in the horizontal plane during assembly.

Micro-factories

The idea that micro-sized manipulators may have better performance for
handling small parts at a fraction of the cost than macro-sized manipulators
has invoked academic research on so-called micro-factories (Alting et al.
2003): extremely miniaturized manufacturing systems, usually of an overall
table top size. Assembly equipment such as micro-robots can form part of
such micro-factories or operate as stand-alone units. In industry the emer-
gence of smaller assembly robots may occasionally be seen. However true
micro-factories have not been developed beyond their infancy and are as yet
observed in research projects only.

Batch assembly

In the micro-domain operations may be executed on batches of parts, such
that the handling effort could be distributed over multiple parts. Bohringer
et al. (1999) distinguished two main categories of batch or parallel micro-
assembly as they called it:

+ Deterministic: the relationship between part and its destination is
known in advance. Examples are (flip-chip) wafer-to-wafer transfer,
micro-gripper arrays or pre-adjusted assembly magazines (Van Brussel
et al. 2000);

« Stochastic, also referred to as self-assembly: the relationship between
the part and its destination is unknown or random.

Self-assembly in this sense is defined as the spontaneous organization of
molecules or objects into stable aggregates under equilibrium conditions
(Srinivasan et al. 2002). Their working principle can be based on e.g. geom-
etry, electrostatic or magnetic attraction, or on a difference in hydrophobic
or hydrophilic adhesion. Often using photolithographic techniques, bind-
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ing sites are prepared on the micro-parts and receptor sites are made on the
target where the parts are to be assembled. Although self-assembly methods
seem appealing for their simplicity, none of them are 100% reliable which
lowers yield, limiting their practical applicability. They are expected to have
better potential when used in support of pick-and-place operations, acting
as self-alignment functionality for improved position accuracy, for example
by means of electrostatic attraction such as researched by Kurniawan et al.
(2008).

In addition to the micro-assembly methods mentioned so far, several other
approaches for micro-assembly have been proposed, which are discussed in
more detail by Van Brussel et al. (2000). Examples are distributed micro-
motion arrays and various non-contact manipulation methods. One partic-
ular interesting method is on-the-machine assembly, as presented by Lan-
gen et al. (1995), in which the tool is first produced, and the product is
subsequently machined and assembled on the same machine, without repo-
sitioning.

Despite all efforts in micro-assembly methods, assembly of micro-products
is still immature and generally costly. So far, parts are typically assembled
using functionality which is located outside the product to be assembled; so,
there is a distinct separation between product and production equipment,
such as manipulators, grippers, and sensors being employed for the assem-
bly process. The alternative concept of micro-assembly using product-inter-
nal assembly functions - topic of this thesis - is discussed in the remaining
two sections of this chapter.

The PIAF concept: product-internal assembly
functions

As indicated in Chapter 1, the potential advantages of the novel method to
perform micro-assembly using product-internal assembly functions are
difficult to asses without careful consideration in further detail. Therefore,
it technical feasibility has been investigated in a research project in the Lab-
oratory for Micro and Nano Engineering (MNE) at the Delft University of
Technology, of which the present thesis is the principal result.

In the PIAF method assembly functionality is created as an integral part of
the product, and it remains part of this product after assembling. The
method is applied in a two-stage approach. In the first stage, coarse assem-
bly of components is achieved using product-external assembly functions,
typically by a (semi-)automatic production machine or a human operator.
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This involves all assembly steps in order to prepare for and facilitate the
product-internal assembly process. The final, accurate assembly is subse-
quently performed with aid of the in-product assembly functions.

Function decomposition

In Figure 2.2 the schematic function structure is shown. The functions that
apply for integration in the product are (1) controlled positioning of the
component, (2) sensing the position of the component, and (3) fixation of
the component in the final position. It should be remarked here that not
necessarily all functions shown in Figure 2.2 as part of the PIAF functional-
ity have to be included in the product.

Coarse Assembly Fine Assembly P )
Process > Process (i....4 = Potential PIAF)
N Fine i Fixation in
| positioning 1 final position
(Potential)
Sent?e product internal
position assembly functions

Figure 2.2 Schematic function structure micro-assembly using product-
internal assembly functions (repetition of Figure 1.1)

In the research project, it was decided that at least the fine positioning
should be performed using internal functionality, since this is the most log-
ical candidate for integration into the product. Internal position sensing on
the other hand was not included into the investigation to limit the complex-
ity and size of the project. Instead, for the product case under investigation,
position sensing was decided to be performed conventionally using external
means, and is therefore not further considered. The remaining three sub-
functions are treated in Chapters 4 through 7, starting with the central
aspect fine positioning.

Potential PIAF benefits versus drawbacks

The benefits that are generally aimed for are lower overall product costs and
a higher product quality by reducing the amount of delicate, time-consum-
ing micro-operations by human operators and expensive production
machines. Although adding functionality to the product is likely to increase
cost, by lowering the required assembly accuracy of the preceding 'coarse'
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assembly step the overall assembly cost may actually be decreased. In addi-
tion, it may positively influence assembly yield and cycle time, and possibly
result in higher assembly accuracies.

The fact that operator involvement is in principle not needed in the final
phase, not only reduces the labour cost contribution, but also potentially
allows for parallelization of activities (Tichem et al. 2003). During the
(automatic) final assembly, the operator can take care of other parts of the
production chain, e.g. start with the preparation of a new package.

In addition to lower overall costs and higher quality, also improved or addi-
tional functionality may perhaps be realized using this method. For exam-
ple by some smart sensing and control strategy it may become possible to
actively compensate for any (sub-pm) position errors, which might occur
during operation of the system, e.g. due to temperature differences. This
even provides the prospect of realisation of new generations of systems,
with totally new and unrivalled functionality. So-called 'smart systems' !
could potentially be created, i.e. systems that do not only contain function-
ality for their primary purpose, but also functionality to be self-supportive,
e.g. self-assembly, self-calibration or self-testing. The overall system per-
formance could be improved in terms of for instance speed, reliability, accu-
racy, intelligence, or communication.

Of course, the complexity of the product increases due to the added func-
tionality. For example, electrical interfacing is needed to allow for its activa-
tion. Negative consequences for product cost, size, and development time,
with possibly longer lead times as a result, should naturally be reduced to a
minimum. A comparative overview of assembly using product-external
versus product-internal assembly functions is given in Table 2.1.

Permanent fixation or continuous position control
Finally, for maintaining the component in the desired position, two possi-
bilities exist: either the component is definitively fixed after final alignment,

or continuous control of the component position is applied during product
life, see Table 2.2.

When applying permanent fixation, usually part of the position accuracy is
lost during the fixation step. Moreover, the long-term stability of the fixa-
tion is limited, which may cause problems in situations demanding high

20
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is used to refer to systems that can adapt to their environment without human interven-
tion.
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Phase

Method

Product-external assembly Product-internal assembly functions
functions

Package preparation + lower product complexity - higher product complexity

- potentially higher preparation
effort

Final alignment - expensive mechinery / + low cost assembly functions

delicate manual labour .
+ reduced operator involvement

- low yield and long cycle (possibility to parallelize activities)

time + potentially increased yield and

reduced cycle time

+ potentially increased accuracy

Table 2.1 Final alignment using product-external versus product-internal assembly

functions
Fixation after alignment Continuous control during product life
+ no internal sensing functionality needed + no fine fixation step required

+ no power consumption during product life + can compensate for errors

- loss of position accuracy during fixation - internal sensing functionality required
- sub-um stability very challenging - position trace-back needed after power
failure

- power consumption during product life

Table 2.2 Comparison fixation after final alignment versus continuous control during
product life

accuracies. However, if continuous position control is chosen, then internal
sensor functionality is needed, increasing the complexity of the overall sys-
tem. On the other hand, stability issues in this option are far less critical,
because the functionality is capable of compensating for errors during oper-
ation. An important demand is that the system can retrieve its position after
a power failure. Finally, a consequence of continuous position control dur-
ing product life is that energy needs to be fed to the system, which should of
course be kept to a minimum.

For the product case under investigation the option including fixation after
positioning was selected, since position sensing was decided to be per-
formed product-externally. This so-called 'fix-and-forget' approach is also
the procedure of choice among commercial laser diode manufacturers, as in
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existing telecommunication laser diode modules the components generally
are fixed relative to each other.

MST as technology enabler for PIAF

In this section, first the selection of MST as technology enabler for the PIAF
method is discussed in Subsection 2.4.1, followed by examples of MST-
based PIAF and PIAF-related devices from literature in Subsections 2.4.2
and 2.4.3, respectively.

In this thesis, a relatively strict definition of PIAF is used, in the sense that
the product-internal functionality should deal with the positioning and/or
fixation of discrete components as part of an assembly procedure. The limi-
tation to discrete components was made to include the challenging aspect
of placing components in contact with the typically fragile internal assem-
bly functionality, which is one of the aspects that are most interesting from
research perspective.

In literature on MST-based devices containing controllable moving struc-
tures, a number of MST-based devices are found that are closely related.
However, they do not fall under the PIAF definition indicated above,
because they either do not perform discrete part manipulation, or they have
a purpose other than assembly. This is schematically shown in Table 2.3.
Examples of these categories of PIAF-related devices are discussed in Sub-
section 2.4.3, because of their high degree of similarity to PIAF devices.

Discrete part manipulation Internal structure manipulation
Assembly PIAF; Subsection 2.4.2 PIAF-related; Subsection 2.4.3
Non-assembly PIAF-related; Subsection 2.4.3 Not discussed

Table 2.3 Classification of MST-based devices containing controllable moving
structures in relation to PIAF
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In addition to these two categories of PIAF-related examples, naturally also
many MST-based device examples exist in which manipulations are per-
formed on integrated features and are not intended for assembly. This is in
fact by far the largest category, mostly comprising optical systems employ-
ing beam steering for various purposes such as optical switches, variable
optical attenuators, tunable lasers, and micro mirror devices for projection
displays. These examples are not further detailed here, since the level of sim-
ilarity to PIAF devices is lower than with the previous two categories. For
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examples of these types of devices the reader is referred to the review papers
by Walker (2000) and Lin and Goldstein (2002).

MST for PIAF

Of the many available methods to fabricate miniature components,
microsystem technology is selected as enabling technology for creating the
product-internal assembly functionality which should be included in the
product to be assembled. In accordance to the observation for micro-
products in Subsection 2.1.2, development of new manufacturing technol-
ogies follows three main paths (Alting et al. 2003):

+ downscaling of existing manufacturing processes (mainly from the pre-
cision engineering domain);

 use and up-scaling of MST processes (from the semiconductor
domain);

+ development of new technologies in the overlapping fields of existing
technologies (e.g. new combinations of processes and materials, such as
focused ion beam machining of silicon or micro replication by hot
embossing in polymers).

It is however expected that scaling down macro-world production methods
and technologies will reach its limits, or will not be efficient for micro-scale
systems, similarly to some new combinations of processes and materials,
due to e.g. very low material removal rates. They may nevertheless be
selected for specific applications based on their ability to create fully 3-D
micro-parts. MST-based manufacturing processes related to the semicon-
ductor domain on the other hand are based on 2-D or planar technologies.
This implies the construction of components or products on or in initially
flat wafers, for which silicon is the most commonly used base material. MST
devices and integrated circuits are formed by creating patterns in layers of
the wafer. Pattern transfer consists of a photolithographic transfer of the
desired pattern to a photosensitive film covering the wafer, followed by a
chemical or physical process to remove or add material in order to create the
pattern. This cycle is then repeated until the desired component has been
fabricated. Bonding techniques can also be utilized to extend the structures
produced by silicon micromachining techniques into stacked multi-sub-
strate structures. For a broad overview of available MST-based processing
technologies the reader is referred to e.g. Madou (2002).

MST-based technologies are very promising for creating product-internal
assembly functionality, based on two specific advantages:

- capability to create very small structures at extremely high accuracies;
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 possibility of batch-wise processing (potential of low-cost production).

Although both during the photolithography steps as well as the subsequent
process steps inaccuracies are introduced into the geometry of the micro-
product, these errors are typically very small, in the order of a few microns
at maximum. Together with very small attainable feature sizes, this renders
MST-based processing highly suitable for fabrication of many micro-com-
ponents.

Particularly the possibility to achieve low cost is considered important for
application of the PIAF method, since the functionality remains part of the
product after the assembly. Using MST-based technologies, typically hun-
dreds to thousands of products, depending on the size, can be processed at
the same time on a single wafer, which can measure up to 300 mm in diam-
eter. This makes the process potentially low-cost, especially if large produc-
tion volumes are required.

For the above reasons it was decided to focus the feasibility study to
product-internal assembly functions that are fabricated using MST-based
processing technologies. At least the fine positioning functionality was
decided to be performed using MST-based processing techniques, and
finally the fine fixation functionality was also based on MST, as is shown in
Chapter 7.

Beside distinct benefits of MST-based processing over other fabrication
methods, it naturally also has some difficulties. Limitations lie mainly in the
processing capabilities: only a relatively small number of processing tech-
niques is available that work in combination with a restricted set of materi-
als. Of these, the use of silicon as base material offers the largest choice in
processes available, making it still the dominant starting material for most
MST-based micro-components. Also, the typical planar nature of the proc-
esses restricts the geometrical freedom available to the designer.

A further drawback is the particularly large know-how required to develop
functionality using this technology. In contrast to the more standardized IC
manufacturing, a feature of this manufacturing technology is the low level
of standardization in used processes and materials that may be incompati-
ble with each other. MST-based components generally use monolithic
designs in which all components are fabricated in one sequential process.
The process sequence must be carefully considered in order to prevent pos-
sible problems when combining different process steps. Therefore the
designer and product developer have to possess considerable knowledge
about alternative materials and production technologies to be able to
develop the optimal product for a given situation. This also means that
although the micro-components might be quite cheap to produce, still sub-
stantial efforts and costs have to be made in the development stage. Conse-
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quently, cost-effective production is only possible for sufficiently high
volumes.

The above reasons have until quite recently hampered MST technology
from widespread application in commercial products. Nevertheless, recent
years have brought an explosive growth in new MST devices ranging from
accelerometers, oscillators, micro optical components, to micro-fluidic and
biomedical devices. As the major boost into widespread use a few years ago
originated predominantly from the automotive industry, with the airbag
sensor being one of the first high volume applications, nowadays this role is
largely taken over by consumer electronics applications. Motion sensors,
silicon-based microphones, gyroscopes and accelerometers are examples of
MST components that have become cheap and rugged enough to start to
find a widespread use in consumers’ cell phones, digital cameras, gaming
devices, laptops and other devices. For example, dual axis integrated gyro-
scopes for image stabilization purposes are nowadays being shipped for less
than € 2 per unit and can be produced in thousands on a single six-inch
wafer including integrated electronics.

Interest is now also slowly shifting towards more complicated, increasingly
hybrid microsystems that combine sensors, actuators, computation and
communication in single micro devices. Seen in this view, the addition of
MST-based functionality to the product to facilitate the final assembly can
be considered a logical next step.

MST-based PIAF examples

A limited number of examples utilizing product-internal assembly func-
tions have been found in literature, both MST-based as well as non MST-
based. Most of these examples deal with applications in the optical domain,
since these applications pre-eminently require very strict positioning accu-
racies that are very difficult to achieve using conventional assembly meth-
ods.

Examples of commercially used products employing PIAF generally contain
deformable mechanisms for adjusting the relative part position either by
external manipulation (Koster (2000, p. 245 and p. 273-276) or laser adjust-
ment (Hoving 1997, Mobarhan et al. 2000). These examples are non MST-
based and have limited possibility of further miniaturization, therefore they
were not selected in our investigation for micro-assembly.!

An overview of relevant MST-based PIAF examples from literature is shown
in Table 2.4. The majority of the examples deal with positioning function-
ality, whereas a few are directed to product-internal fixation functionality.
Strictly, the first two examples, by Jebens et al. (1989) and Aoshima et al.

25



Chapter 2

aJnieuall| ul sajdwexs 4y|d PaSeg-LSIA O MBIAIBAQ °Z @l19eL

pinbi| paie|nsdeous

ay3 Buiouanjjul 1noyum AlAed paj|iy-pinbi| Buipuoq juawaoe|d (5002)
Jan0 ded Buipuoq Ajjewuayy 1oy Bunesy |eoo7 - |ewuJayl 1oy J91esH dep ul] pue ng
Buruonsod auly aiqiy |BUIBIXD Buiyowas  juswubie (€002)
a|qeus 031 uolledlyipl|osal pue Bulljaw Jap|oS sue|d-u| - 19p|0s 10} J91eaH aiqi4 ‘e 18 eneq
aoe|d uljp0|q Buipjoy aiqy
Buidesy| sbulils NIS pauoisual-aid Bulwwiy wJiopeld Buipjoy  juswubie
1ase| Ajaanos|as Aq uonnsod auqly a|geisnipy aue|d-u| - a1q1} a|geisnlpy aiqi4 (5002) 1819 1
a1nixiy pajesbalul uonelqia Buiuonisod (0002)
Aq pauljep uoiieiusalio pue uojusod ped [eulq aue|d-u| jueuosay Bujuonisod ued q-1 ued ‘|e 18 noyes
paleis 1ou  wuJojie|d ajgeaow Buppo| +  juswubie (£002)
Aljiqels pue Aoeunaoe Buppoo| ‘Buidwep mo sue|d-ul g-z wr og-Gz F 011e1504109|3 Buluoisod sus|g-g  24qu-19seT  Je 18 puewalled
Buiuomsod  juswubie (g002) 18 18
BaAISaYpEe 8|qeind AN YM pauiquio) aue|d-ybnouy] A 00€ 18 wrl g9 < 211e1S0.199|3 aiqly g-z aiqi4 gemyos|azian
paiels Jou synsal Aojje Buiuomisod  juswubije (s002) ‘e
‘Aojle Aiowsw adeys palisodap-1enndg aue|d-u| Aloweaw adeyg aiqly a-¢ alql4 1o aleadsayeys
Buiuoiisod  juswubije (5002)
OAISaYpPE 8|qeINd AN YLIM pauIquio) sue|d-u| |ewJay104109|3 aiq1y Q-1 aiqi{ /e 18 ounweun
wr ozl aue|d-jo0-1no
umoys jou ‘win og < juawaoe|dsip Bujuoiisod  juswubije (8661L)
Aljeuonouny paulquod ‘9|7 Aei-x aAisuadxy sue|d-u| sal) aueld-ul  |ewuaylo4109|3 aiqly g-¢  4qu-1aseT ‘e 18 ayeeH
(pe1e1s 10U uonNjosal
Juswainseaw) ybi| Buippe|o Bulinseaw Ag Josuas uolsod
uooalep Buldnod |eondo 1oy 103083189p0loYyd ol309)190z91d / + Bujuoiusod  juswubije (L661)
91949sIp ‘sjuaws|e ozald uo-pan|H sue|d-u| onleubew o109 aiqly g-¢ al ‘|e 18 yoeen
(41ys uomisod Bujuomisod  juswubije (€661)
wirl | ~) 8AIsaype 8|qeind AN YUM pauiquio) sue|d-u| wirl gLxoL 01181S04199|3 aiqu a-2 aiqi4 ‘e 38 eAnyy|
uoI30alIp aiqly Bujuoiisod  juswubije (z661)
sl1olenjoeozaid 910.0sIp ‘paseq-|SIA 10N O} Jejnoipuadiad AOEL e wr oz < 011109|902z81d aiqu Q-2 aiqi4 ‘|e 18 ewiysoy
Buruiyoew Buiuoiisod  juswubije (6861)
puowelp julod-a|Buls ‘paseq- S|\ 10N aue|d-u| 01181504309|3 aiqu Q-2 al ‘|e 18 suaqgaf

sjuawwon

uoneinbyuon

abuel Bujuonisod

a|diound
uonenjay

Ayjeuonouny
Alquiasse jeusaiu)

uoneoiddy

aouaiayey

26



Background and introduction PIAF concept

(1992), are not MST-based, however they were considered relevant, and
therefore included. Jebens et al. were the first to propose a 2-D internal fibre
tip positioning system. This system was based on electrostatic actuation; a
metal-coated fibre could theoretically be attracted in two dimensions by
applying voltages of around 10 V on separate electrodes on the two sides of
a V-groove fabricated by single-point diamond machining. Aoshima et al.
(1992) showed an early 2-D fibre alignment device with discrete piezoactu-
ators capable of over 20 pm displacement in both directions at up to 130 V.

The first MST-based PIAF example was proposed by Kikuya et al. (1993), in
which the silicon V-grooves were made using wet anisotropic etching, see
Figure 2.3.

optical fibre coated with

thin conducting film narrow V-groove

actuating
insulation layer electrodes

Figure 2.3 Schematic view of the 2-D electrostatic fibre tip positioning
device by Kikuya et al. (1993)

A positioning range of 10x10 pm was demonstrated for voltages of around
60 V in air. Also movement when immersed in UV-curable epoxy adhesive
was tested, which was cured afterwards, resulting in a post-curing position
shift of about 1 um. Gerlach et al. (1997) presented two 2-D fibre position-
ing devices actuated either electromagnetically or by using glued-on piezo
elements. In these systems also an optical sensor was included for alignment
detection, which was based on measurement of the light intensity coupled
into the fibre cladding.

Haake et al. (1998) proposed the use of on-chip electrothermal microactu-
ators for in-package 3-D fine positioning of a fibre tip relative to a laser

1 In addition, laser adjustment is still relatively unpredictable. Since it is promising

for larger-size components, however, this process has been investigated further in a par-
allel project which was conducted at the Eindhoven University of Technology (IOP pro-
gramme Precision Engineering, project number IPT02310A 'Laser adjust supported
fibre array alignment and fixation').
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diode. The proposed device measured 5x4x0.5 mm, however miniaturiza-
tion of the system was claimed to be feasible. The thermal actuators were
fabricated by patterning a thick electroplated nickel layer using X-ray
LIGA.! Individual in- and out-of-plane electroplated nickel thermal actua-
tors were tested. The in-plane actuators were capable of delivering more
than 30 pm free displacement at 0.45 W and the out-of-plane silicon/nickel
bimorph actuators over 120 pm at 0.3 W. The in-plane actuators were meas-
ured to be able to provide > 40 mN over the whole actuation range at a fixed
back deflection of 5 pm. However, overall combined device performance
was not shown. Fixation of the fibre in the final position was proposed by
methods like soldering or gluing. See Figure 2.4 for a schematic view of one
of the presented three axis in-package micro aligner concepts.

X-counter force spring Z-actuator

wire bond

V-groove

single mode
fibre optic

Y-counter force spring
X-actuator

Figure 2.4 3-D in-package electrothermal fibre optic micro-aligner (Haake
et al. 1998)

Other fibre tip positioning devices were shown by Unamuno et al. (2005),
Shakespeare et al. (2005), and Luetzelschwab et al. (2005), employing elec-
trothermal, shape memory alloy, and electrostatic actuation, respectively.
Recently, Pétremand et al. (2007) have reported a 2-D lens positioning
device for laser-fibre coupling, consisting of a 2x2.7 mm silicon bulk
micromachined chip with a 2-D in-plane movable platform, being posi-
tioned by two unidirectional electrostatic comb drive actuators combined

28

1 The German acronym Lithographie, Galvanoformung, Abformung, which stands for

lithography, electroforming, moulding. This process relies upon highly expensive syn-
chrotron-based deep X-ray lithography and is therefore a rarely used process. It is capa-
ble of defining extremely high aspect ratio structures up to over 1 mm thick in polymer
material, usually PMMA, which is exposed and subsequently developed and removed,
after which nickel is electroplated in the open areas, which may become part of the final
product or be used as mould for replication steps to follow.
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with a motion conversion mechanism to obtain + 25-30 pm x-y range of
motion, see Figure 2.5. An optical lens was assembled and glued onto the
mobile platform to focus and steer the light coming from a laser diode
placed under the positioning chip and couple it into an optical fibre above
the positioning chip placed normal to the chip surface.

f

| "Nagn| b—+—1 sooym
| a6k || Dhipwith Lens

Figure 2.5 Electrostatic x-y positioning stage with assembled silicon lens
(Pétremand et al. 2007)

Once the desired position was reached, the movable platform could be
locked in place by applying a voltage between the movable platform and the
base of the chip. Depending on the electrical current and the voltage
applied, the locking was either temporary or permanent.

The energy for the desired action can also be supplied in other forms than
via electricity. Saitou et al. (2000) described the alignment of micro-parts
using so-called vibromotors, see Figure 2.6. The surface micromachined
micro-actuators were activated by applying a proper external vibration fre-
quency. The micro-parts were positioned with low accuracy within a pre-
defined space on the wafer, after which the vibromotor pushed the micro-
part into its final position, which was defined by a frame on the wafer.

cavity for gross positioning

linear slider

anchored fixture

impactor m;

ass anchor
double V-folded
cantilever

—— N —

forward backward
impactors impactors

desired final position

micro component

Figure 2.6 Schematic top view and SEM image of the externally resonated linear
microvibromotor (Saitou et al. 2000)
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By applying a different predefined vibration frequency, the part could be
released again. The design also allowed batch-wise assembly of micro-parts.

An alternative approach was shown by Li et al. (2005), who presented an
optical fibre platform in which the fibre tip position could be adjusted by
selectively laser trimming silicon nitride strings under pretension keeping
the fibre holding block in place. Using this principle it was proven that with
a sufficiently large number of strings an adequately small resolution could
be achieved.

Examples showing product-internal fixation functionality exist as well.
Datta et al. (2003) have demonstrated a fibre alignment scheme including
an integrated thin film heater for solder re-melting in order to be able to
improve the fibre position by external active alignment after which the sol-
der will solidify in the improved position. Other examples have been shown
e.g. by Su and Lin (2005) and Yang et al. (2005).

MST-based PIAF-related examples

In addition to the PIAF examples considered above, there are a number of
MST-based devices that are closely related and possess high similarity, but
which are not considered to fall under the PIAF definition used in this the-
sis. As explained in the introduction of this section, this is because they
either do not perform discrete part manipulation, or because they have a
purpose other than assembly. Starting with the first, examples of both types
of PIAF-related devices are shown in the present subsection.

Out-of-plane lifted structures

The first category of PIAF-related examples consists of MST-based devices
containing integrated elements that are lifted out of the wafer plane to cre-
ate three-dimensional structures. Using micro hinges, a large variety of flip-
up microstructures has been designed and fabricated, mainly intended for
micro-optical components such as mirrors, lenses, and gratings (Wu 1997).
Coupling these structures with actuators has allowed the fabrication of sys-
tems such as scanning micromirrors, rotating micromirrors, and moving
microlenses. Examples are shown by Daneman et al. (1996), Reid et al.
(1998), Ebefors et al. (1998), Syms (1999), and McCarthy et al. (2003).

Lin et al. (1997) have shown a microactuated xyz stage for a free-space
micro-optical bench, in which 3-D beam steering for optical alignment was
achieved by moving two manually folded out-of-plane micromirrors and
an upright Fresnel microlens using integrated scratch drive actuators
(SDAs), in which a kind of stepping motion is electrostatically induced,
allowing for large strokes and small resolutions, see Figure 2.7.
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-
Uppen;/d.’w Mirror Linear

Translation
Stage

Microlens

Lower 45° Mirror

Figure 2.7 Schematic drawing of the microactuated xyz stage using
integrated scratch drive actuators by Lin et al. (1997)

Ishikawa et al. (2003) have eliminated the need for manually flipping up, by
utilising solder self-alignment for placing the mirror at a 45° angle and
using thermal actuation for 2-D tilting, see Figure 2.8.

Beam aperture Optical fiber

Gold bump Movable V-groove
or solder bump  micromirror

Figure 2.8 Schematic cross-sectional view and close up of electrothermal 2-D tilting
VCSEL (Vertical cavity surface-emitting laser, see Chapter 3) laser-to-fibre coupling
device (Ishikawa et al. 2003)

The device by Ishikawa et al. is particularly intriguing, because it is a good
example of a device of which it is not straightforward whether it may be
classified as a PIAF example or not. The purpose of the mirror alignment is
steering of an optical beam rather than changing the position of any of the
assembled discrete components (the mirror element has been fabricated as
part of the substrate); therefore, strictly, it cannot be considered an assem-
bly step. On the other hand, the mirror alignment possibility certainly has
influence on the assembly accuracy required for the parts that were assem-
bled before the alignment step, and in that sense the alignment functionality
should be considered to support the assembly process. Taking this into con-
sideration, the example at hand could either be excluded or included as
PIAF example.
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For optical applications, the beam-steering method described here may be
a competitive method to the PIAF concept. However, for the selected case
described in Chapter 3, the beam steering approach cannot be used due to
the very short distance between the laser diode and the fibre. This makes it
impossible to include an integrated beam steering element into the optical
path.

Manipulation systems for other than assembly purposes

The second group of PIAF-related device examples is more straightforward.
It is comprised of systems that, like PIAF devices, are involved with discrete
component manipulation, however in this case for purposes other than
assembly or final alignment. Examples in literature also almost exclusively
deal with optical applications, and most device examples contain 1-D trans-
lation functionality. MST-based optical device examples are optical
switches, e.g. by Field et al. (1996) and Hoffmann et al. (2003a, 2003b); var-
iable optical attenuators (VOAs), e.g. by Grade et al. (2005) and Unamuno
and Uttamchandani (2006); a tunable wavelength filter by Pichonat-Gallois
et al. (2004); a 1-D latching micro optical positioning stage (Syms et al.
2004a); an xy high-speed scanner for a miniature colour display (Hoshino
et al. 2003), and a vertical electrostatic lens positioning actuator for use in
an MST-based optical pickup unit by Kim et al. (2003).

The only non-optical examples in this category were shown by Horsley et al.
(1997) and Hirano et al. (1998), who presented translational and angular
electrostatic positioning actuators for magnetic hard disk drives, respec-
tively.

In conclusion, although a limited number of MST-based PIAF and PIAF-
related examples were found, as shown in the previous subsections, the
technical feasibility of the PIAF method to date has never been systemati-
cally investigated in a structured approach. Generally only partial solutions
are presented; none of the researches has implemented the complete
method in an integral manner. Together with the uncertainty about its eco-
nomic viability, this has led to the start of the research project, of which the
present thesis is the principal result.



3.1

Case description and specification

The purpose of this chapter is to present the first design choices regarding
the configuration of the laser diode device that is selected as product case
for the investigation, as well as to define an overview of the requirements for
the product-internal assembly functionality for this device.

In Section 3.1, relevant information is provided about the case domain,
being optical communications, followed by a description of the selected
laser diode device and a discussion of initial design decisions regarding its
configuration in Section 3.2. Finally, the PIAF requirements for this device
are discussed in Section 3.3, combined into a requirements overview at the
end of this chapter.

Case domain: optical communications

The use of glass fibre to carry communication signals has increased drasti-
cally over the last few decades. Its enormous data transmission capacity
compared to electrical cable has allowed revolutionary changes in telecom-
munications of which the widespread proliferation of the Internet is the
most outstanding example. Its use has been enabled by development of
fibres and devices for optical communications since the early 1960s, which
still continues to date, strongly stimulated by an investment boom in the
1990s, instigated by the Internet hype in the last years before the millen-
nium change. Unfortunately, this was followed by a downturn in the early
2000s, causing a shake-down of companies involved in fibre-optic deploy-
ment. At present, the industry seems to have recovered from the heaviest
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blows and investments in fibre optics are slowly increasing again to the pre-
bust level.

The use of optical fibre for communication has a number of well-known
advantages over copper cable (Dutton 1998):

+ immensely large data transmission capacity;
« small and lightweight;

+ less noise (no electromagnetic interference);
« safer to people;

« better security of optical data transmission.

Multiple wavelengths can be combined - called multiplexing - with each
wavelength having data modulation rates up to 10 Gb/s. The newest tech-
nology pushes the rate up to 40 Gb/s, while even higher bit rates are being
tested. Dense wavelength division multiplexing (DWDM) systems have
become standard in long haul high-capacity telecommunication networks
having dozens of signals at closely spaced wavelength intervals that can be
selectively added and dropped from the line whenever desired.

For access networks to private homes and offices, copper cable is still mostly
used for the simple reason of availability. In most cases the bandwidth is still
acceptable, which does not justify investments for replacing them by optical
fibre. Nonetheless, internationally more and more newly built and existing
commercial and living districts are being provided with such fibre-to-the-
home (FTTH) and fibre-to-the office connections.

The basic components of an optical communication system are schemati-
cally shown in Figure 3.1. First, a serial bit stream in electrical form is pre-
sented to a modulator, which encodes the data for fibre transmission. A
light source - either a laser or a light emitting diode (LED) - is driven by the
modulator and the light is focused into the fibre. The light travels down the
fibre, and at the receiver end the light is fed to a detector and converted to
electrical form, after which it is reconstructed to the original bit stream,
which may then be fed to a using device.!

The most difficult and expensive step in achieving optical transmissions is
embedded in the accurate coupling of light from a laser diode into a single-
mode optical fibre. This requirement is based on specific characteristics of
the transport of light through optical fibres and of the laser generating the
light.

34

1" The sequence described here is deliberately simplified; many additional steps, such

as add/drop multiplexing and amplification, may be involved in transporting and rout-
ing of the signal, but the general principle remains unchanged.
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Source » Carrier Receiver

Laser diode / LED Fibre Chip

Figure 3.1 Basic components of an optical communication system

Optical fibre characteristics

An optical fibre is a very thin strand of silica glass usually with a diameter of
125 pm. It consists of two parts: the core and the cladding, which is a tubular
jacket surrounding the core (see Figure 3.2). The core is doped with impu-
rity atoms, causing it to have a slightly higher refractive index than the clad-
ding. This ensures that light entering at one end of the core may travel,
confined within the core, until it leaves the fibre at the other end. As long as
the bends do not become too tight, the light will be guided around corners
with very little light loss when travelling along the core.

Protective coating
@ 245um

/

Cladding

@ 125pm
e

Core

./GSum

Figure 3.2 Schematic build up of a typical single-mode optical fibre
(relative dimensions to scale)

Two critical aspects for long distance data transport are attenuation and dis-
persion. Attenuation is the weakening of the optical signal as it travels
through the fibre. Pure silica is used as it has the lowest absorption of light
of any available material. Only infrared light in certain wavelength bands is
used for communication applications, based on its lowest attenuation in
these bands. Dispersion is the widening of a light pulse during transmission
through the fibre. A pulse becomes longer and may ultimately merge with
adjacent pulses, making recovery of the original bit stream impossible.

The dominant types of dispersion are chromatic dispersion, and modal dis-
persion. Chromatic dispersion is due to the fact that the fibre has different
refractive index characteristics at different wavelengths, causing all wave-
lengths to travel at different speeds through the fibre. Modal dispersion
takes place when the light is able to take different paths as it travels within
the fibre. Such a path is commonly referred to as a 'mode’, and a fibre allow-
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ing the light to travel along multiple paths is called a multimode fibre. The
distance travelled by light in each mode is different, so a pulse that has fallen
into multiple modes will have components that arrive before others. The
effects of both kinds of dispersion increase as the travelled distance gets
greater. As bit rates continue to increase, the sensitivity to dispersion
becomes higher and stricter measures need to be taken to avoid signals
becoming unrecoverable.

In order to decrease dispersion and attenuation, communications systems
are operated in appropriate wavelength bands, and so-called single-mode
fibre and light sources with minimal spectral widths are used. By making the
fibre core thin enough - in practice around 8-9 pm for telecommunication
wavelengths - the light will have only one possible path: straight down the
middle. This single-mode fibre is nowadays used for all medium to long-
distance connections, and has as additional advantage that attenuation is
lower than in multimode fibre because lower levels of dopant are used.

Chromatic dispersion can of course be reduced by minimizing the spectral
width of the light source. A narrow spectral width is also beneficial in
DWDM systems, in which it is desirable to pack the channels as closely
together as possible in order to maximize the number of channels.

Laser diodes

The spectral width of lasers is smaller than for LEDs, therefore long distance
fibre networks are always operated using lasers. Lasers also typically have
faster response and better directionality, allowing for higher bit rates and
enabling more light to be coupled into a single-mode fibre. In communica-
tion systems generally semiconductor lasers are used, which are also com-
monly referred to as laser diodes (LDs). Laser diodes are very small, typically
around 300x300x100 pm (/xwxh), and require little power. Several wave-
lengths are available and they can also be built into arrays. Compared to
other lasers, the output beam of a laser diode is quite divergent and requires
refocusing due to its short cavity length and its small output dimensions in
the sub-pm to pm range.

Both edge-emitting laser diodes exist, which emit light from the side, and
so-called vertical cavity surface-emitting lasers (VCSELs), emitting perpen-
dicular to the surface of the chip. For reasons of performance most single-
mode laser devices are based on edge-emitting diodes. Special edge-emit-
ting laser diodes have been developed that have extremely narrow spectral
widths, such as Distributed Feedback (DFB) and Distributed Bragg Reflector
(DBR) lasers, which makes them pre-eminently suitable for high-band-
width, long distance optical data transport.
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The most commonly applied laser diode material for telecommunication
wavelengths is indium gallium arsenide phosphide (InGaAsP), which can
be made to operate between 0.9 and 1.7 pm wavelength (Dutton 1997,
p. 106). The wavelength band around 1310 nm, which was attractive for its
zero fibre dispersion on single-mode fibre, came into use in the mid 1980s,
and it is the band in which the majority of long distance communications
systems still operate today. From the late 1990s, the band around 1550 nm
is used for almost all new long distance communication systems, since it has
the lowest attenuation available on current optical fibre (about 0.2-0.3 dB/
km). Moreover, in this band erbium doped fibre amplifiers (EDFAs) can be
used. These are devices that amplify the optical signal directly without hav-
ing to convert it to electricity, which is naturally very attractive. Special sin-
gle-mode fibre is used with dispersion optimized around this wavelength
band.

Fibre coupled laser diode configurations

Various fibre coupled laser diode configurations exist - also referred to as
pigtailed laser diodes - depending on application and requirements. Usually,
a length of fibre of around one metre is aligned with the laser diode inside a
housing, and the opposite side of the fibre is fitted with a standard fibre con-
nector, which allows for relatively easy connection to another connectorized
fibre at acceptably low loss values.

The simplest alignment method is by placing the fibre with its cleaved end
opposite the chip without touching to prevent damage to the components
or their anti-reflection coatings. This is called butt-coupling and is widely
employed for lower-end devices; the alignment tolerances are not very
strict, but the coupling efficiency is not very high, since the optical modes
of the laser diode and the fibre do not match very well. The laser beam diver-
gence is too large for confining most of the light within the fibre core.

Only very little design freedom is available for making changes to laser
diodes without affecting their performance. Therefore, mode matching to
achieve higher single-mode coupling efficiency is usually performed by
applying lenses, either in the form of discrete lens elements, or a lensed optical
fibre. Using a lensed optical fibre, generally fewer components are required
and the attainable coupling efficiency is higher. However, this is at the price
of tighter alignment tolerances compared to the use of discrete lens ele-
ments.

High performance laser diode products, such as EDFA pump lasers and
DWDM signal lasers are commonly packaged individually in leaded pack-
ages such as the 14-pin butterfly-type package schematically shown in Fig-
ure 3.3. This type of packages are usually hermetically sealed and may, next
to the laser diode, hold a large number of other components such as a mon-
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itor diode, a separate modulator, an optical isolator, a temperature sensor, a
thermoelectric cooler (TEC), a fibre pigtail, and an assortment of lenses, as
well as a control electronics.

Standard butterfly package
(housing dimensions typically
20x13 mm)

Optical
fibre

Laser
diode chip

Figure 3.3 Schematic view of a butterfly-type fibre coupled laser diode
package (without sealing lid)

High end laser devices generally require temperature and output control to
maintain a stable laser output. For example, the operating temperature of a
laser in a DWDM module must be kept constant to within 1°C or better,
which is performed by use of a TEC, control electronics, and a thermistor
for measuring the device temperature.

Except in the case of EDFA pump lasers, which provide continuous output,
the light is modulated, either by modulating the laser directly or by separate
modulators, which may be discrete components or integrated with the laser
diode. Optical isolators may be required to reduce light reflecting back into
the laser cavity, which should be avoided since this can harm the laser. Both
discrete optical isolators and external in-line fibre optic isolators are availa-
ble, of which the latter may be used in combination with a lensed optical
fibre to reduce the number of components requiring optical alignment.

Optical alignment challenge

A good quality coupling between the laser output and single-mode fibre
core is very important, because the optical power that can be generated
using laser diodes is limited. The challenge of aligning a laser diode to a sin-
gle-mode fibre with high coupling efficiency is embedded in the small
dimensions and the sensitivity to misalignments of the components. The
core of the fibre is 8-9 um in diameter, while the rectangular output facet of
a laser diode is typically around 0.5 by 2 to 4 um in size. High loss is already
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experienced when moved only a small distance away from the optimal posi-
tion. This is particularly the case in the lateral directions, in which it is gen-
erally desired to control the position with pm to sub-pm accuracy.
Hyperbolic or wedge-shaped optical fibres can offer very high coupling effi-
ciencies, but at the price of even further reduced alignment tolerances.

These accuracies cannot simply be achieved by hand in a reliable way. Gen-
erally, laser diode manufacturers are very reluctant in disclosing their exact
methods for achieving the desired coupling quality. The packaging cost of
optical fibre interconnects constitutes a considerable portion of the total
product cost - sometimes up to 50-80% - therefore proprietary expertise
providing a competitive advantage is commercially very important and is
protected with care.

Expensive equipment or machines are employed for the alignment and fix-
ation steps, which last typically in the order of minutes. Current methods
use expensive and bulky vibration isolated micro-positioning equipment
incorporating high-precision mechanical translation stages and piezoelec-
tric actuators. The systems are package and device specific; they generally
require dedicated and expensive fixtures and tooling to precisely hold the
package and to position and fix the coupled fibre.

The alignment is commonly performed while measuring the coupled opti-
cal power. In optics, this is referred to as active alignment. The laser is
switched on while at the connectorized fibre end the optical power is meas-
ured, and alignment is carried out until an optimal coupling efficiency
between fibre and laser is found. Although this is an expensive and time-
consuming procedure, it is usually required since the strict alignment toler-
ances cannot be achieved using any other method. For example, the posi-
tion tolerance of the fibre core relative to the cladding due to fabrication is
approximately + 1.5 pm, depending on the manufacturing specifications.
Machine vision cannot be used, because it is impossible to locate the core
position inside the cladding with sufficient accuracy, and the same holds for
the laser output window location. Usually, the fibre is placed to within a few
microns using a microscope or machine vision, after which the final cou-
pling is performed using active alignment, followed by fixation in the
achieved position.

Fibre fixation methods

Fixation of the fibre usually takes place by means of laser welding or solder-
ing. Adhesives are also sometimes used, but are often avoided, because dur-
ing product life they may outgas, producing small quantities of
contaminants that may pose a threat to the long-term reliability of the laser.
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Soldering or welding requires that the fibre is metallised prior to the assem-
bly process, increasing cost. Solidification and cooling of the solder can shift
the relative position between fibre and component. To minimize this, the
initial alignment position needs to be tightly controlled based on a full
understanding of the solder, including shrinkage versus temperature. Sol-
der-based alignment and attachment yields with single-mode fibre can be
relatively low and may require significant rework on individual joints,
increasing overall process cost.

Laser welding is the fixation method producing the highest level of accuracy
and reliability. A standard approach involves soldering a metallised fibre
section in a cylindrical metal ferrule, which is then laser welded via a metal
clip to the substrate. Any variation in coupling efficiency resulting from
post-weld cooling - also referred to as post-weld shift (PWS) - can be cor-
rected by deforming the structure, which can be done mechanically or by
laser adjustment. As with soldering, a thorough understanding of the mate-
rial and process properties are critical to success.

Laser diode device description and
configuration

In this section, the specific laser diode device which is selected for the PIAF
investigation is introduced, and a number of initial design decisions regard-
ing its configuration are discussed.

Device selection for PIAF investigation

The extreme difficulties and significant cost involved in aligning high per-
formance laser diodes for long-distance optical data transmission to single-
mode fibres makes this type of devices highly interesting for exploring the
feasibility of substituting the current assembly methods by the PIAF
method.

A representative laser diode layout was chosen with a butterfly type housing
having typical inside dimensions IXxwxh of 20x13x7 mm. Since the exact
laser diode type is not of great influence for the requirements, a generalized
edge-emitting single-mode fibre coupled DWDM signal laser diode was
taken for the investigation; the output wavelength was assumed to be
1550 nm, the fibre core diameter was 8 um and the cladding diameter 125
pm.

To keep the number of components limited, a configuration without dis-
crete free-space intermediate optics between the laser diode and the fibre tip
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was chosen. This way, a smaller number of different configurations is pos-
sible, allowing the emphasis to be on the actual development of product-
internal positioning and fixation functionality. A lensed fibre tip was
selected for mode matching between the laser and the fibre, enabling the
highest possible coupling efficiency, but having tight tolerances and thus
requiring accurate positioning and stable fixation to ensure high quality
coupling over the complete lifetime of the product.

Conventional starting layout

A schematic cross section of the selected conventional laser diode layout
prior to starting the PIAF design is shown in Figure 3.4.

Cu Submount
Laser diode Fibre holder
Photo diode / Fibre

Butterfly lid H

Thermistor —_ |

Base plate —— |

TEC ——— |

|

= |

Buitterfly housing

Figure 3.4 Cross section conventional starting layout selected laser diode
package

In the housing, the laser diode chip along with all support components take
up an estimated 30-40% of the space. It is provided with a thermoelectric
cooler (TEC) and a thermistor for temperature control, and a photo diode
at the laser diode's back facet for output power control. The laser diode is
not directly mounted on the TEC element. Laser diodes are very sensitive to
temperature differences and mechanical stress, therefore generally one or
more intermediate components are included to spread the heat from the
laser and to bridge the thermal mismatch between the dissimilar TEC and
laser materials. Although the absolute quantities of heat being produced in
the laser are not very large - typically in the mW range - due to the small
dimensions the heat flux can be quite significant, locally up to several
kW/cm?. To prevent overheating, commonly metals or ceramics with high
thermal conductivities are used for these intermediate components, such as
copper alloys, gold, aluminium nitride, silicon carbide or silicon. As low
thermal impedance die-attach material normally low-stress solders are used
such as indium or gold-tin. Generally solder is used to connect the other
components to the TEC. For the selection of the specific combination of
intermediate components and solder types many considerations come into
play. A common configuration with a separate optical base plate and a laser
diode submount was selected and is shown in Figure 3.4.
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Conventional assembly sequence

The process of assembling the laser diode module conventionally begins by
fixing the TEC element in place by means of soldering at the bottom of the
empty 14-pins metal butterfly package. Usually outside of the package an
optical subassembly is prepared, consisting of the optical base plate contain-
ing laser diode submount, laser diode chip, photodiode, thermistor and
other components necessary for the laser diode operation. This subassem-
bly is attached on top of the TEC. The components are electrically intercon-
nected to each other and to the package pins using a combination of
patterned metallization surfaces and wire bonds.

The actual fibre pigtailing usually takes place in the next step. Due to the
demanded sub-pm accuracy, it is by far the most expensive and time-con-
suming of all involved assembly steps. Depending on the configuration and
the specific fibre fixation method, one or more preparatory steps are
required, such as metallization or encapsulation in a metallic fibre ferrule,
as described previously.

The laser diode package is typically loaded into a dedicated fixture that
holds the package securely in place and also provides electrical pin contact
to enable active alignment. Following, the fibre is inserted into the package,
usually via an opening in the side of the housing. In the automated fibre pig-
tailing procedure described by Mobarhan et al. (2000), in which laser weld-
ing is employed for the fibre attachment, a ferrule with fibre is gripped by a
pair of pneumatically actuated tweezers and the fibre loader probe is
retracted out of the butterfly package, see Figure 3.5. Next, a metallic weld
clip is placed over the ferrule and by using vision the fibre tip is moved close
to the laser diode facet location. Subsequently, the laser light and the exter-
nal photo detector connected to the opposite fibre end are switched on and
active alignment is performed by positioning the ferrule in front of the laser
facet until optimal coupling is achieved. At this point, the clip is welded to
the metallic base at six spots using two Nd:YAG laser beams incident from
two directions, followed by spot welding of the ferrule to the clip. The pulse
duration and energy are optimized to achieve optimum weld quality while
trying to minimize the weld shift induced by the shrinkage upon solidifica-
tion. However, post-weld shift due to shrinkage typically in the order of sev-
eral micrometers remains, which can be reduced to sub-um level by laser
adjustment or applying force to the ferrule-clip assembly using the tip of the
pneumatic tweezers.

After achieving the desired coupling efficiency, usually some temperature
cycling is performed to help settling of the components to ensure stable,
long-term operation. Finally, the butterfly package is hermetically sealed in
a nitrogen environment using a commercially available seam welder or sol-
dering machine.
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Pneumatically
actuated
tweezers

Welding
laser -
beams

”~ Metallic
i | fibre
.~ ferrule | tweezers
Butterfly laser —— Saddle
diode module shaped

weld clip

Figure 3.5 Conventional fibre pigtailing configuration using laser welding (Mobarhan
et al. 2000)

The fibre pigtailing process described by Mobarhan et al. from loading the
butterfly package including optical subassembly up to post-weld metrology
and device unloading was claimed to take between 7 and 11 minutes, see
Figure 3.6. This is the only known estimate of the duration for this critical
process sequence available from literature. Commonly, manufacturers are
reluctant in providing specific information on commercially applied proc-
esses. However, it is confirmed that fibre pigtailing is tedious and trouble-
some and normally lasts in the order of several minutes per pigtail
(J. Mink!, personal communication, April 7, 2005).

Laser welding 0.5 minutes

Device loading and setup | 2 -3 minutes Automated postweld 1- 3 minutes
adjustment
‘ Alignment ‘ 1.5 minutes Postweld metrology and 1- 2 minutes

device unloading

¢ P —

Preweld metrology 1 minutes 7 - 11 minutes

Figure 3.6 Schematic conventional fibre assembly sequence using laser
welding, including typical durations for each step (adapted from
Mobarhan et al. (2000))

! Former employee of Philips Optoelectronics in The Netherlands, which later

became part of the US-based optoelectronic component manufacturing company JDS
Uniphase.
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Configuration decisions

As a start in the design process, the following initial choices were made
regarding the overall build up of the internal positioning functionality:

« the fibre was selected as the part to be internally fine positioned;

« silicon was chosen as base material for realization of the positioning
functionality;

- an adaptation to the laser diode configuration was defined.

Fibre selected to be fine positioned Based on the extreme sensitivity of
laser diodes to temperature variations and also to mechanical stress, the
optical fibre was selected as the part to be fine positioned using product-
internal functionality. The produced laser heat should be removed in a
highly controlled manner, which would be significantly complicated with
an actuation structure between the laser and the TEC, or between TEC and
housing. Although fine positioning of the fibre also involves challenges
- particularly related to its large overall length, as is further discussed in the
subsection on required actuation forces - it is a passive component, posing
less strict demands on the positioning functionality.

Silicon as base material Monocrystalline silicon was selected as base
material for the positioning device. It is the dominant substrate material for
MST-based devices and it is the only semiconductor material in which
devices are being realized at DIMES, at which facilities demonstrators are
processed. Silicon is very strong and stiff with a limited thermal expansion,
making it a generally suitable material for creating mechanical structures.
Compared to other possible substrate materials the available processing
technologies are quite extensive and well established, thus providing the
best possibilities and the largest flexibility for designing the required func-
tional structures. Finally, the fact that the same set of technologies are used
as for creation of integrated circuitry, potentially allows for monolithic inte-
gration of control logic on the same substrate (in the case of CMOS com-
patible processing).

Adapted laser diode configuration An adapted laser diode configuration
was defined for the parts that constitute the physical link between the opti-
cal features to be aligned, from fibre tip core to the laser diode output win-
dow. From assembly perspective, it is attractive to have as few components
as possible between the laser and the fibre: the fewer parts the smaller the
tolerance build up and also the smaller the required actuation range of the
positioning functionality. In a conventional approach using laser welding
several parts between laser and fibre are present due to functional reasons.
However, in the PIAF approach laser welding is not employed, allowing for
a reduction of the number of intermediate components.
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Although it is the safest to alter as little as necessary to the primary device
build up in order to limit the impact on its functionality, it is interesting to
consider the option of replacing all intermediate components by a single sil-
icon positioning component. Silicon is a suitable substrate material for laser
diode placement, due to its low thermal expansion coefficient close to that
of the laser diode material; good thermal conductivity and its possibility to
create electrical leads and accurate geometric features by means of photoli-
thography such as alignment marks and soldering pads. In Chapter 2, a
number of examples were shown using silicon as substrate material for laser
diodes. As in the initial design stage no information was available on the
exact layout of the internal assembly functionality and the involved process-
ing steps, it could not be predicted whether all functionality to position the
fibre and to support the laser diode accurately opposite the fibre tip could
be integrated into a single component. Therefore, the preliminary choice
was made to develop the base part and the positioning subsystem as sepa-
rate building blocks onto which respectively the laser diode and the fibre
would be placed. Based on its attractive properties, silicon was also selected
as material for the discrete base part. The resulting schematic laser diode
configuration is shown in Figure 3.7. In the figure, the positioning device is
drawn as horizontally oriented, so parallel to the bottom surface of the but-
terfly housing. A comparison between this in-plane configuration and a
through-plane build up, with the fibre protruding through the positioning
chip, is presented in Section 5.2.

Fibre

Laser diode \.
\
\

Silicon base part

Positioning chip

Figure 3.7 Adapted LD-fibre configuration including two silicon parts
between LD and fibre

PIAF requirements

In the present section, the PIAF requirements intended for the selected laser
diode product case are discussed. These are combined into a requirements
overview at the end of the section.

Optical coupling requirements

For efficient transfer of optical energy from one optical component to
another, their respective mode fields should overlap as much as possible.
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Counter to intuition, in single-mode light transfer, the losses are bidirec-
tionally equal, meaning that the same amount of light is lost when coupling
from a small to a large mode field diameter and vice versa. Typical diver-
gence angles of a laser beam are 10-30° (half angle) in the horizontal plane
and 30-50° vertically (Heikkinen 2004, p. 57). As a result, simply butt cou-
pling an optical fibre almost against a laser diode allows for only about a
10-20% coupling efficiency, or a 7- to 10-dB coupling loss (Mickelson et al.
1997, p. 51). Figure 3.8 shows a schematic representation of the mismatch
between the laser and fibre modes in a butt coupling configuration.

Single-mode fibre

Laser output beam
Laser diode Y

X

Fibre acceptance cone Core

Figure 3.8 Schematic mismatch between LD and fibre mode in a butt
coupling configuration

The sign convention, as used throughout the report, is also defined in this
figure. It is related to the fibre, the laser diode and all other package compo-
nents. The origin is defined to be in the centre of the laser diode output win-
dow with the positive z-axis pointing out towards the fibre; the x-axis is in
the horizontal plane and the y-axis points vertically upwards.

The selected approach of using a lensed fibre is one of the most popular
methods to reduce coupling losses due to mode field mismatch in laser-to-
fibre coupling. The lens may be formed on the fibre for example by photo-
lithography, chemical etching, heating by a flame or electric arc or laser, dip-
ping into molten glass and fusing, or mechanically grinding and polishing
(Heikkinen 2004). The lenses have to be manufactured at sub-pum accuracy
in order to fully realise the coupling enhancement, which makes them rela-
tively costly. Due to the short working distance, additional care must be
taken so that no contact occurs between the laser and fibre during the
assembly process, and extra attention must be paid to minimising backward
reflected light from the lensed fibre end face that may result in instability of
the laser. For the latter reason lensed fibre ends are usually fitted with appro-
priate anti-reflection coating.

Many different lensed fibre types exist, see for an overview Heikkinen (2004,
p. 62-66). Depending on the laser mode field ellipticity, fibres with rotation-
symmetric or non rotation-symmetric fibre ends are able to provide good
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coupling results. High coupling efficiencies of around 80-90% have been
achieved with hyperbolically lensed fibres (e.g. Edwards et al. 1993) as well
as with fibres having non rotation-symmetric wedge-shaped fibre ends (e.g.
Modavis and Webb 1995). Generally the higher the coupling efficiency, the
more sensitive the coupling is to displacements, as was for example shown
by Edwards and Presby (1993), who presented a coupling sensitivity com-
parison of hemispheric and hyperbolic lensed fibres. With a hyperbolic lens,
there was less sensitivity to tilt as in the hemispheric case, for which a much
lower coupling efficiency was achieved, but the sensitivity to transverse off-
sets and longitudinal translation was much higher. For the hyperbolic lens,
a 0.45 um lateral translation or a 2 um longitudinal displacement away from
the optimum position resulted in a 1-dB decrease in coupling efficiency (a
decrease of 20%), respectively, whereas the tilt sensitivity for this specific
hyperbolically lensed fibre was as much as 15° for the same 1-dB efficiency
drop.

Coupling efficiencies as function of misalignments between Gaussian
beams have been extensively investigated before, and analytical expressions
were provided e.g. by Joyce and DeLoach (1984). It is perhaps needless to say
that the translational and tilt sensitivities are strongly dependent on the
exact laser mode field and fibre lens geometry. For example, Zhang et al.
(2001), who used wedged fibres for the laser coupling, reported a 15%
transverse tolerance of 0.25 um, and a 15% horizontal and vertical angular
tolerance of 4.5° and 3.5°, respectively. The 15% roll tolerance for this fibre
- the angular misalignment in the axial direction of the optical axis - was
found to be approximately 15°. In a related investigation by Tang et al.
(2001), 1-dB loss in wedge-shaped fibre to elliptical laser diode coupling
was caused by a vertical misalignment of 0.3 pm, a pitch misalignment of
2.5°, or by a yaw misalignment of 4°, respectively.

For the selected coupling case detailed laser facet and fibre lens dimensions
were not selected. Instead, based on the findings from literature and expert
discussions, generalized requirements were determined for optical align-
ment between the laser diode output window and the fibre core in all trans-
lational and angular orientations. These requirements are shown in Table
3.1.

Degree of X y z 0, 0, 0,
freedom
Tolerance +0.Tpuym =01uym x=05um =x15° +1.5° +10°

Table 3.1 Alignment requirements between the laser diode output
window and the fibre core for the selected laser diode product case
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Minimal coupling losses (< 1 dB) due to misalignments are aimed for.
Therefore the allowed alignment offset in the lateral directions x and y was
selected to be 0.1 pm, and the allowable longitudinal misalignment z was set
to £ 0.5 pm.

Fibre tilt was found to cause a large spread in the coupling loss results, how-
ever small horizontal or vertical angular misalignments up to + 1.5° gener-
ally show little effect on the optical coupling (J.H.C. van Zantvoort!,
personal communication, April 7, 2005). Consequently this value was taken
as upper level for the fibre tilt.

Little information is available about influences of angular misalignment in
the axial direction of the fibre. The wedged-fibre result described by Zhang
et al. is expected to be realistic for non rotation-symmetric fibres. Therefore,
with some safety margin, the maximum angular misalignment in the rota-
tional direction of the fibre was set to + 10°. In the case of rotation-symmet-
ric fibres the angular rotation around its optical axis is naturally of no
concern.

Internally positioned fibre directions

After determining the alignment requirements in all degrees of freedom for
the selected coupling case, the directions to be positioned product-inter-
nally were selected. As discussed in Chapter 2, realizing complex microsys-
tems - such as multi-degree-of-freedom positioning devices - using MST-
based processing is very challenging. This is confirmed by the general lack
of examples in literature of MST-based positioning devices having more
than 3-D positioning capabilities. Therefore, developing a positioning
device able to control all six degrees of freedom was not considered realistic,
and attention was focused on positioning of the most critical degrees of
freedom instead.

Among the required tolerances in all degrees of freedom for the laser-to-
fibre coupling shown in Table 3.1, the translations in x and y are by far the
most critical. It is expected that the three angular rotations can be control-
led with sufficient accuracy using relatively low-cost product-external
assembly functionality.

The position tolerance in the longitudinal direction - the distance between
laser output window and fibre tip - is also quite strict, however not as strict
as the lateral tolerances. Moreover, the complexity would be increased sig-
nificantly if this direction would also require internal actuation, not in the
least due to the fact that most likely the fibre is fixed at a given distance from
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the tip, expectedly leading to reaction forces that are axially transmitted
through the fibre to the positioning device.

For these reasons it was decided that, at least as a start, a limitation was
made to product-internal positioning concepts actuating the fibre tip in the
two lateral degrees of freedom, perpendicular to the axial direction. Pro-
posed methods for achieving the required position accuracies in the
remaining four degrees of freedom and supporting the internal fine posi-
tioning step are discussed in more detail in Chapter 5.

Required positioning ranges

The required positioning ranges in x and y can be determined from a careful
consideration of the tolerance build up in these directions during the coarse
assembly of the components in the physical link between the laser diode
output window and the core of the fibre tip. Since the overall cost of the
assembly should preferably be lower than the conventional assembly cost of
the product, it is tried to lower the accuracy requirements for the coarse
assembly process as much as possible. At the same time the required internal
positioning ranges in x and y should be kept within limits, since larger
ranges demand larger MST-based positioning structures, which are more
expensive based on their larger required chip area.

To relax the coarse assembly requirements, the use of accurately fabricated
joining features that reduce misalignment was investigated. Grooves,
notches and solder self-alignment pads are considered and discussed in
more detail in Chapter 5. Based on the results, a coarse assembly procedure
is presented, from which the required internal positioning ranges in x and y
are finally established.

In the present subsection, for an initial approximation of the required fine-
positioning ranges in x and y, preliminary estimates of the assembly and
fabrication inaccuracies, contributing to the overall misalignment in these
directions, are presented. The overall misalignment resulting after the
coarse assembly process is a summation of the position inaccuracies of:

+ laser diode on base plate;

- positioning device on base plate;

« fibre on positioning device;

« fibre core inside fibre;

+ diode window inside laser diode chip.

A first approximation of the inaccuracies in x and y, presumably achievable
by aid of joining features, are provided in Table 3.2. As a result, the overall,
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maximal, misalignment in lateral directions was estimated to be in the
range of 10 pm. Therefore the required internal positioning range was ini-
tially defined at 10-15 pm in both x and y. A detailed coarse assembly design
with an improved estimation of the tolerance stack between laser output
window and fibre core based on data from literature is presented in Chapter
5.

Part relation Estimatedinaccuracy Comments
inxand y
LD-base plate +1pum
Positioning chip-  +1um With use of lithographically defined joining
base plate features

Fibre-positioning +1ppm

chip

Fibre core- + 1.5 um Typical geometric single-mode fibre

cladding specifications, e.g. diameter accuracy and
core-cladding concentricity (Draka 2008)

LD window-LD +0.5 um Expected lithographic processing accuracy

surface

Table 3.2 Initial approximation of coarse positioning inaccuracies in x and y, based
on estimates of assembly and fabrication tolerances

3.3.4
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Required actuation force

All forces required for positioning the fibre should be delivered by the actu-
ators built in the positioning device. The actuation load is related to:

« displacement (deformation) of the fibre;

« internal deformation of the positioning mechanism;

« friction between the actuator and the fibre;

« adhesive forces between actuator and other parts;

- fibre weight.

To determine the force required for displacement of a fibre, the fibre was
assumed to be a single-side clamped beam. The deflection force can then be
calculated by Equation 3.1:

F = 2£Ls (3.1)
L3
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The fibre length was chosen quite arbitrarily. It should not be too short
compared to its thickness since in that case high bending forces would be
required, and moreover this would result in unacceptably large parasitic
angular misalignments. Considering the space available in the package, a
cantilever length of 2000-3000 pm was regarded appropriate. For a 10-pm
tip displacement of a fibre of these lengths the required deflection forces are
in the range of 1-3 mN, with corresponding fibre stiffness in the order of
100-300 N/m. Some MST-based actuators are known to be able to deliver
external forces up to several mN (see Chapter 4 for additional information),
therefore fibre cantilever lengths in the discussed range are considered real-
1stic.

Forces required to deform the mechanism itself are strongly dependent on
the design of the structure and were not considered in the initial estimation.
The same holds for friction forces and adhesive forces between parts of the
mechanism or between actuator and fibre as they are difficult to determine.
Given the expected dimensions, which are quite considerable for microsys-
tems, adhesive forces most likely play only a minor role compared to other
force mechanisms involved. At this stage friction and adhesion were also not
taken into account, though some additional reserve in actuation force
should be taken to overcome these. Fibre weight can be neglected: a
3000-pm long fibre weighs around 0.1 mg, which is approximately equiva-
lent to a force of 1 uN, three orders of magnitude lower than the bending-
induced forces.

Industry standards

Commercial optical telecommunication devices generally have to comply
with very strict industry standards. Various standards are available, which
are all applicable for specific types of applications, provided by for example
Telcordia (previously called Bellcore), the International Telecommunica-
tions Union (ITU-T), or the US military service (MIL). They deal with
mechanical integrity, such as durability against mechanical shocks, vibra-
tion and fibre pull, and endurance capabilities, like the resistibility against
accelerated aging, high and low temperature storage, temperature cycling
and cyclic moisture resistance. The most important standard for laser diode
packages is the Telcordia testing standard GR-468-CORE Generic Reliabil-
ity Assurance Requirements for Optoelectronic Devices Used in Telecom-
munications Equipment!, describing an extensive set of tests which the
device should comply with.

L Issue 2, September 2004, for sale online (Telcordia 2008).
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A selection of tests with matching conditions is:

» Temperature cycling -40 to +70 / 85°C, 20 cycles

+  Accelerated aging 85°C, active power 2000 hrs

«  Damp heat 50°C / 85-95% relative humidity, 3500 hrs

« Fibre pull 1.0 kg, 3 times, 5 seconds

»  Mechanical shock 500 / 1500 g, 5 times/axis

+ Non-operational vibration 20 g, range 20-2000 Hz, 3 times/axis

Typically these tests should be performed on more than ten samples. Per-
forming all required testing is very time consuming and expensive. It
involves dedicated equipment and trained operators, and is therefore nor-
mally performed in specialized companies.

When dealing with research demonstrators, attaining these reliability
requirements are generally not the primary concern. The main focus in the
development of product-internal assembly functionality is to explore its
technical feasibility, for which achieving a working proof of concept is
already a valuable result. On the other hand, in order to make the investiga-
tion realistic, it is relevant to consider, whenever possible, the main issues
concerning overall robustness and reliability required for the specific appli-
cation.

In the requirements overview presented in the following section, a general
reference to the standard GR-468-CORE is included, since translating the
very specific tests for the complete package into requirements for the prod-
uct-internal assembly subsystem is not easily performed.

Summarizing requirements overview

In Table 3.3 an overview is presented of the demands (D) and wishes (W)
for the conceptual design of the product-internal assembly functionality
including coarse assembly adjustments. It is the result of the analysis and
information presented earlier in the chapter.

This case study does not have a clear and complete list of requirements. To
limit the investigation, not all components of the laser diode package were
fully defined. However, sufficient information was available for a realistic
case description and to make a start with the conceptual design phase.

Main headings of a checklist for drawing up a requirements list are: georme-
try, kinematics, forces, energy, material, signals, safety, ergonomics, produc-
tion, quality control, assembly, transport, operation, maintenance, costs and
schedules (Pahl and Beitz 1996, p. 54). The relevant demands and wishes are
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Category

D/W Comments

Geometry

D

=

Must fit inside butterfly package + may not physically
interfere with already present components

Small footprint (range 5 x 5 mm)

Mechanism width preferably < 250 um (possibility of
use in fibre array)

Kinematics

Product-integrated actuators

2 lateral degrees of freedom to be controlled: x and y
Positioning resolution < 0.1 ym

Displacement range > 10 pm in x and y

Positioning speed preferably below 1 s

Forces

Sufficient force for fibre manipulation (range 1-3 mN)

Energy

Electricity preferred as energy supply

Low number of electrical connections (low pin count)

Material

Base material: monocrystalline silicon

IC-processing compatible materials

Production

Positioning functionality: MST-based fabrication

Compatible with MST fabrication possibilities at DIMES

Assembly

Ol 22|252 9 20000

3

Coarse assembly design must facilitate product internal
assembly process to reach required tolerances

Relaxed assembly requirements, simple pick-and-place
of components preferred (range + 20 ym)

Geometrical features aiding coarse assembly steps

Operation

O

£ =20

No or acceptably low adverse interference with primary
functionality

Long term position stability < 0.1 yum (range 10-15 years)
Fixation: no power required
Straightforward control

Reliable and robust regarding external influences, such
as temperature changes, vibrations and mechanical
shocks (compatibility with standard GR-468-CORE)

Maintenance D

No need for maintenance during service life

Costs

W

Overall production & assembly cost per laser diode <
conventional assembly cost

Table 3.3 Specification overview for the design of the product-internal
assembly functionality including coarse assembly adjustments
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listed under the corresponding headings in the table. Demands are defined
as requirements which must be met under all circumstances. Wishes are
requirements that should be taken into consideration whenever possible.
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Selecting and exploring
MST-based actuators for fibre
positioning

The purpose of this chapter is to discuss the selection of an MST-based actu-
ation principle for the fibre tip positioning in the chosen product case, and
to present test results of embodiments for this actuation principle. To this
end, in Section 4.1 an overview is presented of MST-based actuation prin-
ciples, from which a selection is made in Section 4.2. Thermal expansion is
selected as actuation principle for the fibre-chip alignment case, of which
possible embodiments are discussed in Section 4.3. Following, in Section
4.4, the results are presented of the first series of in-plane U-beam and
V-beam thermal actuators developed and fabricated as part of this project.

MST-based actuation for fine part positioning

In this section, an overview is presented of MST-based actuation principles
which may be used for fine part positioning for the purpose of micro-
assembly. In the overview, they are compared according to aspects relevant
for this application.

Actuators are devices that perform useful work on the environment in
response to a command or a control signal. Comprehensive overviews of
microactuators are provided e.g. by Fujita (1998) and Tabib-Azar (2000), of
which MST-based actuators are an important subcategory.

A common classification of actuators is by the primary type of energy that
is converted into mechanical work. In theory, all energy domains can be
converted into mechanical work: radiation, electrical, thermal, magnetic,
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chemical, but also mechanical energy, e.g. supplied in the form of vibrations
(Tabib-Azar 2000).

Actuation principles and embodiments

In accordance with the distinction between physical principle and embodi-
ment of solution principles for given sub-functions made by Pahl and Beitz
(1996, p. 26-29), actuators can be seen as a combination of an actuation
principle and an actuator embodiment.! The actuator embodiment may con-
tain deformable parts and mechanical links. Its main function is to provide
a mechanism for the actuation principle to produce useful work.

Actuation principles

Common actuation principles in the micro domain are different to those in
the macro domain, since either unfavourable or favourable scaling occurs
and moreover, when moving towards smaller dimensions, fabrication limi-
tations have to be considered. Whereas in the macro domain electromag-
netic, hydraulic, and pneumatic actuation are the most commonly applied
actuation principles, in the micro domain other methods dominate, such as
electrostatic, piezoelectric, and thermal actuation.

In MST-based actuation, the energy form that is to be converted into
mechanical work is preferably generated by means of electricity. Devices
that allow an electrical input are very attractive, since electrical power is
widely available and voltage and current are easily controlled. Methods for
fabricating electrical contacts with small dimensions are well-established,
allowing for electricity transfer to highly localized points of use.

It is here decided to consider only those actuation principles that can be
considered as proven technology both for their functionality and for their
manufacturing process. In this project the focus lies on evaluation and inte-
gration of existing actuation and manufacturing technology and less on the
development of new technology.

Actuators within some domains can not be considered proven technology
(e.g. chemical actuators). Some actuator types deliver insufficient work, e.g.
actuators based on radiation. Mechanical energy, such as vibration or flu-
idic energy, needs to be generated from one of the other energy types before
it can be converted into useful work. Therefore, only the following three
physical domains were chosen to be investigated in more detail: the electri-
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MST-based actuators for fibre positioning

cal, magnetic, and thermal domain. In addition, a number of actuation prin-
ciples belonging to these domains were not considered: electrostriction and
magnetostriction!, which are rarely applied principles in the micro domain,
and phase-change actuation, which is discarded for its considerable fabrica-
tion complexity and its limited possibility for application in multiple
degrees of freedom.

Actuation principles that appear most promising for the purpose of internal
part positioning are:

 Electrostatic: the use of attraction between dissimilar electrical charges.

+ Piezoelectric: the use of dimensional change of piezoelectric materials
when a voltage is applied across them.

 Electromagnetic: the use of attraction between opposing magnetic
poles.

+ Thermal expansion: the use of dimensional change of a material when
it is heated.

+ Shape memory alloy (SMA): the use of large dimensional change of a
shape memory alloy due to a change in solid state upon heating.

The choice for silicon as base material and MST-based fabrication has as a
consequence that e.g. bulk piezo and bulk shape memory alloy actuator
solutions, although principally capable of delivering high workloads, are
not considered. Also hybrid solutions, comprising of silicon structures with
assembled components for actuation, such as discrete magnets, wound cop-
per wire coils, and piezoceramic or SMA plates or blocks, are not regarded
as good alternatives, because additional preparation and assembly steps
should be avoided to reduce the cost as much as possible.

Actuator embodiments

Many different actuator embodiments exist. From the viewpoint of their
attainable actuation directions, usually a distinction is made with respect to
the direction of the actuation relative to the substrate. Using this approach,
microactuators can be divided into in-plane and out-of-plane actuators.

Commonly applied actuator embodiments are for example:

+ Electrostatic comb drive: two arrays of interdigitated fingers, leaving a
lateral and axial air gap. Due to Coulomb force attraction the two

' Electrostriction is a property of all electrical non-conductors, or dielectrics, that

causes them to change their shape under the application of an electric field. Magneto-
striction is a property of ferromagnetic materials that causes them to change their shape
when subjected to a magnetic field.
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arrays move towards each other. This mechanism is mostly used for in-
plane actuation, but sometimes also for out-of-plane actuation.

» Thermal straight beam: simple straight beam lengthening upon actua-
tion.

« Thermal V-beam: bent beam that is anchored at both ends. Lengthen-
ing upon actuation results in an in-plane outward displacement of the
bent angle.

« Thermal U-beam: two beams (mostly one narrow, one wide), intercon-
nected at one end and anchored at the other end. Upon actuation, one
beam lengthens more than the other. Because the beams are connected
to each other at their free end, the difference in lengthening results in
an in-plane deflection in the direction of the wider beam.

+  Unimorph or bimorph cantilever (piezoelectric / thermal / SMA): lay-
ered cantilever with one (unimorph) or two active layers (bimorph),
with different lengthening upon actuation, causing internal stress and -
generally out-of-plane - deflection.

 Stepper (electrostatic / piezoelectric / thermal): incremental stepping
motions converting small actuator displacements into a large overall /
part displacement. This type of mechanism is generally capable to per-
form 1 or 2-D in-plane translations, and potentially also rotations
around the axis normal to the surface.

In the following, a number of important considerations are discussed
related to the development and manufacturing of different types of MST-
based actuator embodiments for fine part positioning.

Monolithic structures For the type of motions required for PIAF, mono-
lithic, flexible structures are very suitable. An important design considera-
tion in micromechanical engineering is to avoid sliding contacts, if possible.
Typically, bearing design in the micro domain is rather troublesome due to
the relatively large play (compared to the device's feature dimensions), and
friction and wear between micromachined surfaces are difficult to predict.
Monolithic structures, i.e. structures consisting of one single element, use
parallel beam mechanisms, flexible hinges, torsion beams and blade hinges
to realize translations and rotations and therefore require no bearings and
no (internal) sliding of parts. Disadvantages are energy loss and the build-
ing up of internal stress due to deformations inside the structure. Mono-
lithic structures allow for small deformations only, which is not expected to
be a problem considering the small required actuation ranges in compari-
son with the allowable overall structure dimensions.

Serial or parallel configuration Multi-degree of freedom solutions can
either be achieved by constructing the actuators themselves in different
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directions, or by using intermediate mechanisms to convert the actuator
motion into an output motion in the desired direction. Two main basic
build ups can be distinguished: serial and parallel. In a serial build up, there
is one kinematic chain of links and joints between the end effecter and base.
In a parallel build up, multiple independent kinematic chains exist parallel
to each other between the end effecter and the base. The overall stiffness of
a parallel construction can be substantially higher than the stiffness of a
serial construction. Another disadvantage of a serial set-up, especially in
microsystems, is that routing of the electrical connections to the actuators
not directly attached to the base is complicated. Only the actuator con-
nected to the base is stationary; actuators further away are movable and are
usually connected to the stationary structure by means of flexible elements,
which should be relatively narrow to obtain sufficient compliance in the
actuation direction. Electrical leads in microsystems are relatively large and
may be too wide to be routed across these flexible elements. For these rea-
sons, in most cases a parallel configuration is considered favourable.

Combined in- and out-of-plane positioning Some combinations of posi-
tioning directions are more difficult to accomplish than others. In particu-
lar combinations of in-plane and out-of-plane translations are difficult to
achieve. Due to the planar nature of MST-based fabrication processes,
design flexibility is chiefly limited to the directions parallel to the wafer
plane. Out-of-plane actuation is possible, for example by using bimorph
cantilevers, but their fabrication is not easily combined with in-plane actu-
ators that generally require different materials and processing steps. On the
other hand, constructing a mechanism to convert in-plane to out-of-plane
motion is not straightforward either (see Brouwer (2007, p. 67) for a more
detailed discussion).!

Stepping actuator configurations Various stepping actuator configura-
tions exist, which are mostly composed of multiple actuators of one of the
other types, for example bimorph cantilevers for conveyor-type actuation
or in-plane thermal actuators for long-stroke 1-D linear actuation, see e.g.
Maloney et al. (2004). Consequently, they are generally more complex with
the main advantage that larger actuator ranges can be achieved, which is not
specifically required for the fine part positioning. Stepping principles are
therefore not treated separately, except for scratch drive actuators (SDAs),
which are based on a distinctly different principle, and by which 3-D trans-
lational micro-positioning stages have been created, see e.g. Lin et al. (1994).

1 Of the opposite possibility - conversion of out-of-plane actuator motion into in-

plane end effecter movement - no examples are known from literature. The only actua-
tion principle perhaps acting in a comparable way is the scratch drive actuator men-
tioned before, which transforms small out-of-plane electrostatic parallel-plate attraction
into incremental sub-um in-plane stepping motions.
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Actuator overview

Table 4.1 shows an overview of the selected MST-based actuation princi-
ples, compared according to the aspects listed below. In addition, a brief
explanation of the main characteristics of the individual actuation princi-
ples is provided.

Aspects for actuator comparison

In order to make a comparison between the various possible actuation prin-
ciples, a number of aspects here listed are used as criteria.

The actuators are compared according to the following important aspects:

 actuation range;

o force;

 typical dimensions;

« work density;

 robustness;

 control & output: stability, accuracy, hysteresis, drift;
« construction: processing techniques, materials;

« design flexibility: in- / out-of-plane actuation, potential of combining
into multi-degree of freedom positioning.

Actuation range and force, together forming mechanical work, are based on
an actuator having certain dimensions. Therefore, work density is also
included as parameter to compare the different actuators. In most cases,
typical dimensions can be changed to reach a desired force or displacement.

By robustness is meant the ability to withstand external disturbances with-
out damage or loss of functionality. This includes a certain load bearing
capacity, but also the ability to withstand external component placement
forces.

Electrostatic actuators

Many different electrostatic actuation configurations exist, for both in-
plane and out-of-plane actuation. The most common in-plane electrostatic
actuators are comb drives, which are also the most widely used actuators in
the MST domain. The main advantage is their simple construction. They
can be fabricated with rather standard processing techniques and conven-
tional materials. For in-plane actuators deep reactive ion etching (DRIE)
can be used (Robert Bosch 1994), allowing for the construction of robust
structures.
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The energy density of electrostatic actuators is relatively low. In order to
generate acceptable forces using the comb drive principle, large numbers of
fingers are required. Typically, pN-range forces and displacements of several
tens of microns can be achieved. Electrostatic actuators are easy to control,
but a main disadvantage is that often high voltages are involved, sometimes
up to a few hundred volts.

For out-of-plane actuation mostly parallel plate actuation is employed.
Depending on the specific configuration, small linear displacements or
angular rotations can be achieved. A well-known example is the Digital
Light Processor (DLP) chip developed by Texas Instruments containing
over a million electrostatically switchable micromirrors for optical beam
steering (Texas Instruments 2008). Generally, these actuators consist of sur-
face micromachined structures, and are therefore most likely insufficiently
robust to carry realistic external loads. For example, although the mass of a
micro component is very small, a suspended polysilicon microstructure
fabricated by sacrificial surface micromachining could very well collapse
onto the substrate under the weight of such a component. This is due to its
small structural height and substrate clearance, which are typically both a
few microns (Syms et al. 2004a). Therefore, a stronger construction with a
larger structural height is generally required. This is also considered true for
most electrostatic in-plane stepper actuators, such as scratch drive actua-
tors, which, too, consist of thin surface micromachined structures. Most
electrostatic 3-D micropositioning stages presented in literature are based
on electrostatic linear stepper actuators, and therefore have the same limi-
tation.

Piezoelectric actuators

Bulk piezoelectric actuators are very versatile and many different actuator
types are available. However, they are not considered for the PIAF applica-
tion, because they are incompatible with silicon microfabrication processes.
Techniques have been developed to deposit thin piezoelectric films on sub-
strates like silicon and glass, and to subsequently pattern these films. Vari-
ous techniques, such as sputtering, evaporation, chemical vapour
deposition, and sol-gel deposition have been applied to deposit a number of
piezoelectric materials like zinc oxide (ZnO) and lead zirconate titanate
(PZT). PZT is the material type possessing the largest piezoelectric coeffi-
cients, allowing for the largest work densities. Typically, the integration in
MST processing is difficult, and much expertise is required to deposit these
special materials and to control their material characteristics.

Out-of-plane bending cantilevers are the most commonly used actuators
based on these films, because they require relatively easy fabrication proc-
esses, and they can be used to amplify the small deformations into reasona-
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bly large displacements (~ 10 um). This is at the expense of a decreased
output force (typically a few tens of uN, depending on the thickness and
Young's modulus of the layers) and work density, since the input energy is
for a large part internally stored as a stress-strain combination inside the
actuator.

The required voltages decrease proportionally to size. In micro-actuators,
the thickness of piezoelectric layers can be a few micrometers or less, for
which a few volts are sufficient to reach the required field strengths. Piezo-
electric actuators have the drawback that piezoelectric materials exhibit
hysteresis (defined as the difference in the actuator output Y when Y is
reached from two opposite directions) and drift, making control somewhat
more difficult. A last disadvantage is that most piezoelectric materials need
to be poled by a strong external electric field prior to use.

Electromagnetic actuators

Electromagnetic actuators, although theoretically capable of achieving large
forces and displacements, do not perform very well at the micro scale due
to construction problems. The magnetic field is usually either generated by
a current-carrying coil, or a permanent magnet. Micromachining tech-
niques have been developed to produce coils and magnetic circuits on-chip,
but these are generally flat, and for example coils produced with these 2-D
processing techniques do not possess the compactness and efficiency of
wound coils used in large motors. To compensate for the reduction of the
flux density, the coils become relatively larger when scaled down. Significant
effort and skills are required to deposit and subsequently pattern magnetic
materials in thick layers (> 10 pm) and to obtain good material character-
1stics.

The lack of 3-D processing possibilities complicates the construction of
compact MST-based electromagnetic actuators with multi degree of free-
dom (DOF) actuation capability. Another difficulty could lie in possible
unavoidable magnetic cross coupling between adjacent actuators when
aiming to activate them individually. Lastly, deposited permanent magnets
need to be magnetized in-situ, meaning that only one magnetization direc-
tion is possible, which could be a further restriction when attempting to
implement multi DOF actuation.

Thermal actuators

Electrothermal actuators have received wide interest as they can produce a
large displacement, large force, generally have a simple construction, and
can be fabricated with standard processing techniques and conventional
materials. Attainable forces can reach up to several millinewtons and dis-
placements up to over a hundred microns. Depending on the materials
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used, local temperatures can be high, e.g. 500-600°C in the case of the com-
monly used heater material polysilicon. Usually, the actuation voltages can
be kept to moderate values, which is preferred for practical applicability.

In literature, thin surface micromachined thermal actuators are presented
as well as actuators having a larger structural thickness, possessing signifi-
cantly higher robustness against disturbances. As indicated earlier, both in-
plane and out-of-plane thermal actuators exist, of which the latter generally
are of the bimorph type and which typically require different processing. A
benefit of the use of silicon as structural material is its high thermal conduc-
tivity, enabling the rapid removal of heat from the actuator, resulting in
highly localized heated areas. This potentially allows for the design of closely
spaced heated microstructures without observable cross-talk.

Shape memory alloy actuators

As for piezoelectric and electromagnetic materials, techniques have also
been developed to deposit shape memory alloy films on silicon, such as TiNi
and TiNiCu. Based on this, out-of-plane bending cantilevers have been con-
structed capable of achieving large displacements of several tens of microns
and large forces in the range of tens of millinewtons. Typically, shape mem-
ory alloys are very difficult to control due to their large hysteresis and non-
linearity. Compared to thermal expansion actuators, generally much lower
temperatures are used.

Two basic methods are employed using SMA actuators, each imposing dif-
ferent requirements: so-called one-way actuation, for which a bias force on
the SMA structure is needed, and two-way actuation, requiring preparatory
training steps, see e.g. Motamedi (2005, p. 153).

The only shape memory alloy actuators based on integrated thin film dep-
osition presented in literature are of the out-of-plane type, as for thin film
piezoelectric actuators. The design flexibility to create multiple DOF actua-
tion functionality using this type of actuators is therefore limited.

Evaluation MST-based actuation principles for PIAF

Based on the presented overview, it can be concluded that none of the dis-
cussed actuation principles are easily implemented for internal fine part
positioning. Particularly achieving multi DOF positioning in a monolithic
structure is highly challenging, especially in combination with the demand
of arelatively high load bearing capability. This practically excludes the pos-
sibility to use surface micromachined actuation structures.

All shown actuation principles are capable of providing displacements over
10 um and pN forces in individual degrees of freedom. Electrostatic and
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thermal actuation appear to be the most promising based on their relatively
simple construction and they do not require special materials. They are
capable of achieving both in- and out-of-plane actuation, although these
generally require dissimilar processing, and most out-of-plane electrostatic
actuators lack robustness. Piezoelectric, electromagnetic and shape mem-
ory materials are not routinely implemented but can be deposited in thin
layers on a substrate. For piezoelectric and SMA actuation this results in a
general limitation to out-of-plane bending. Electromagnetic actuation suf-
fers from constructive problems in creating structures for generating the
required magnetic fields. Although principally possible, the combination of
different actuation principles - such as piezoelectric and thermal actuation
- integrated in a single device to realize multi-degree of freedom positioning
functionality could not be found in literature, most likely because this
would bring about even larger challenges in process integration than
described above.

Actuation principle selection for positioning
the fibre

Based on the overview presented in the previous section, an MST-based
actuation principle is selected for the fibre tip positioning in the optical
coupling product case. The most important requirements for the position-
ing functionality are briefly repeated here:

+ Positioning capability in DOF perpendicular to optical fibre axis: x and
Vs

+ Displacement range > 10 um;

«  Minimum position resolution 0.1 pm;

« Sufficient force for fibre manipulation ~ 1-3 mN;

« Sufficient robustness;

+ Small dimensions, ideally less than a few mm long and 250 pm wide
including fibre diameter of 125 pm.

From the overview, actuation by thermal expansion is the most promising
one for this application. It is capable of generating the required forces,
whereas for electrostatic actuation this would be very challenging, if not
impossible. Furthermore, it generally consists of simple structures that can
be made using proven processing techniques with conventional materials,
rendering a high degree of design flexibility. However, thermal loading
might present unwanted complications, and thus special care should be
taken during the design of thermal actuators to limit the thermal influence
on neighbouring actuators and other surrounding structures. The fact that
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fixation after positioning was chosen, makes this issue less critical, since it
only needs to be employed once in its lifetime during assembly. General
characteristics of thermal actuators are their low efficiency and low
response speed, which are both of minor importance for the considered
application.

Thermal expansion actuator embodiments

In this section, the most commonly applied thermal expansion actuation
embodiments are discussed in more detail. To this end, first the fundamen-
tals of thermal expansion are briefly presented, including heat generation,
principles of heat transfer, and the conversion from heat to mechanical
work.

Thermal expansion actuators deliver mechanical work when heated. The
most commonly applied method to generate heat by means of electricity is
by passing a current I through a resistor with resistance R, referred to as
resistive heating or Joule heating. The heat generated per unit of time is
equal to P=I°R.

Once the heat is generated, it dissipates to colder regions by means of three
possible heat transfer mechanisms: conduction, convection and radiation.

« Conduction is heat transfer across a stationary medium that occurs
when there is a temperature gradient inside the medium;

« Convection is heat transfer between a surface (solid or fluid) and a mov-
ing medium (fluid or gas) caused by a temperature gradient;

 Radiation is heat transfer in the form of electromagnetic waves from a
surface of a specific temperature.

For silicon devices, usually conduction through the solid material accounts
for the largest amount of heat transfer, due to its high thermal conduction
coefficient. However, when aiming to model the thermal behaviour accu-
rately, generally one or more other heat transfer mechanisms should also be
included. For example, conduction through air may be significant in struc-
tures with dissimilar temperatures separated by a small air gap (in the order
of a few microns). Alternatively, when air gaps are larger, in the order of sev-
eral tens of microns or more, the effect of convective heat dissipation may
become substantial. Conduction and convection are linear functions of the
temperature difference, whereas radiation has a fourth power dependency
on temperature. For most cases, heat loss by radiation is negligible because
the temperatures in silicon thermal actuators usually do not exceed 600°C.
For more general information on the subject of heat transfer the reader is
referred to e.g. Mills (1999).



4.3.1

MST-based actuators for fibre positioning

In a thermal actuator, the heat is converted to mechanical work by utilizing
the thermal expansion of the material. For a straight beam of length L,
cross-sectional area A, Young's modulus E, and thermal expansion coeffi-

cient « the elongation, caused by an average temperature rise AT, , is given
by Equation 4.1:
AL = alAT,, (4.1)

The maximal force (force generated when the elongation of the beam is
blocked) is, assuming linear spring behaviour (Hooke's Law), given by
Equation 4.2:

-y = 4
Fy = cu= 7 AL (4.2)

where c¢ is the actuator stiffness. The maximum possible output work is
equal to:

Woaxe = Scu = SFyu = S==AL (4.3)

Expansion of a straight beam renders rather small displacements. There-
fore, generally transmission ratios of various sorts are used to increase the
displacement output of thermal actuators. The common thermal expansion
microactuator types bimorph cantilevers, U-beams, and V-beams are each
based on a different principle, and are each briefly discussed hereafter.

Bimorph actuators

Thermal bimorph or multimorph actuators are based on the difference of
the thermal expansion coefficients of two or more dissimilar layers. They
generally consist of a cantilever with two or more layers, of which one is
used as a heating resistor. When current is passed through the heating resis-
tor layer, a thermal stress is generated between the layers, causing the canti-
lever to bend. See for a typical bimorph actuator Figure 4.1. This so-called
bi-metal effect was already described by Timoshenko (1925), but the first to
show such a cantilever-type micromachined silicon actuator were Rieth-
miiller and Benecke (1988), who fabricated bimorph actuators consisting of
epitaxial silicon and electroplated gold heated by an integrated polysilicon
heater. Since then, several examples of bimorph and multimorph cantilev-
ers were demonstrated, mostly consisting of a polysilicon or single crystal
silicon layer and a metal layer, such as aluminium or nickel. The metal layer
is deposited by evaporation, sputtering or electroplating, which are all pla-
nar deposition processes. This planar layer arrangement generally allows
actuation normal to the wafer plane only, however Sehr et al. (2001) also
showed examples of in-plane moving thermal bimorph actuators.
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Figure 4.1 Typical bimorph actuator

Typical layer thicknesses are a few to several microns, based on the relative
difficulty of creating a layer of substantial thickness (10-20 um) on top of
the silicon cantilever and the apparent lack of need for use in high-force
applications. These bimorph cantilever sizes are generally 300-500 pm long
and 100 um wide, and for example the 500 pm long cantilevers with 4 um
and 2.5 pm thick silicon and gold layers by Riethmiiller and Benecke
showed over 75 um out-of-plane deflections. A similarly sized actuator by
Read et al. (1995), which was estimated to be half as thick, was reported to
be capable of delivering a blocking force of 0.15 mN, whereas it could still
produce 5 pm deflection under a 0.05 mN load. For both examples of rela-
tively thin cantilevers, initial curvature due to residual stress from the device
fabrication was observed, with considerable variation in curvature radius.

MST-based bimorph actuators with larger layer thicknesses were also found
in literature. Greitmann and Buser (1996) showed an assembled microgrip-
per system of a 1.5 mm long bimorph cantilever together with an opposing
force sensing finger. The bimorph finger was built up from 10 pum thick sil-
icon and 6 pm thick aluminium; it could deflect approximately 140 um, and
a maximum gripping force of over 0.25 mN was measured. A thermally
actuated cantilever having comparable layer thicknesses (7 pm silicon and
6 pm aluminium) for atomic force microscopy purposes was shown by Aki-
yama et al. (2002). Haake et al. (1998) proposed a three axis thermal micro
positioning stage for fibre tip manipulation (also described in Chapter 2),
in which the out-of-plane positioning was performed using a bimorph
actuator consisting of bulk silicon and electroplated nickel fabricated by
means of the expensive X-ray LIGA technique. Displacements over 120 pm
were obtained, however the exact layer thicknesses and attainable forces
were not stated.

U-beam actuators

U-beam thermal actuators generally consist of two suspended parallel adja-
cent arms connected to each other at the tip and to the substrate at the
anchors. Although several variations exist (such as by Hoffmann et al.
(2003b) and Pichonat-Gallois et al. (2004), see Chapter 2, and Pan and Hsu
(1997), who presented a microactuator based on different lengths of the two
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adjacent beams), most designs are based on a difference in width of the
arms, resulting in asymmetrical heating causing the structure to deflect lat-
erally. A typical U-beam actuator geometry is shown in Figure 4.2. The thin
arm has a higher electrical resistance than the wide arm, and consequently
gets heated and elongates more than the wide arm. The greater compliance
of the structure in bending as compared to the axial direction then results
in an amplification of the relatively small difference in axial thermal expan-
sion into a large lateral motion, with the narrow section of the cold arm act-
ing as an elastic hinge.

Figure 4.2 Typical U-beam actuator

\\Q \

The first to show this type of in-plane actuators were Guckel et al. (1992),
who used electroplated nickel and X-ray LIGA, followed by Comtois et al.
(1995), who fabricated and tested 2 pm thick freestanding surface microma-
chined polysilicon U-beam actuators made using the established Multi-
User MEMS Process (MUMPs)'. Field et al. (1996) presented a 1x2 optical
fibre switch having two 1.5 mm long U-beam actuators consisting of 50 pm
thick electroplated nickel, capable of estimated displacements of over
180 pm and forces at zero displacement of around 3.5 mN. Using electro-
plating, considerable thicknesses can be attained, but since this is limited to
metals, a disadvantage is that generally very high currents are needed. More
recently, others, such as Syms (2002) have used DRIE for constructing
U-beam actuators in silicon-on-insulator (SOI) wafers, allowing for larger
device thicknesses using silicon as the structural layer. In the device by
Syms, the silicon thickness was 100 pm and the structure was metallised
with thin chrome and gold layers that functioned as heaters.

Interestingly, the described U-beam actuator is known under various
names, such as pseudo-bimorph thermal actuator, heat-drive actuator or hea-
tuator (Comtois et al. 1995), electro-thermal-compliant (ETC) actuator
(Mankame and Ananthasuresh 2001), and hot-leg/cold-leg actuator.
Throughout this thesis, this actuator type is denounced as U-beam thermal
actuator, partly for distinguishing it clearly from the other frequently used

! MUMBPs is a commercial programme that started in 1992 offering customers stand-

ardized processing knowledge to enable them to develop MST-based devices. It is one of
the few MST fabrication standardization programmes available, and now being offered
by the US-based company MEMSCAP (2008).
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in-plane thermal V-beam actuator, and also to be consistent in their nam-
ing.

V-beam actuators

The other common class of in-plane electrothermal actuators is based on
linear thermal expansion, like the simple straight beam discussed earlier. In
the case of V-beam actuators, however, the electrical current is passed
through a bent beam anchored at both ends, and thermal expansion caused
by the produced heat pushes the angle tip outward. As end effecter of the
beam, displacement of this tip is used for actuation. Instead of having the
actuation displacement in the same direction as the length of the beam,
which is the dominant direction of expansion, the actuation is now at an
angle to this direction, allowing for significant displacement amplification.
Figure 4.3 shows a typical V-beam actuator geometry. Like the U-beam
actuator, it is also known under different names, such as bent-beam actua-
tor, buckling beam actuator, and chevron actuator. The fabrication require-
ments are similar to those of U-beam actuators, therefore they are also
found in literature in the commonly used structural materials polysilicon,
nickel, and single crystalline silicon. In the same fibre micropositioning
device containing the out-of-plane thermal bimorph actuator, Haake et al.
(1998) have shown electroplated nickel V-beam actuators fabricated using
X-ray LIGA, capable of delivering over 30 um displacement and forces up to
several tens of mN. As for the bimorph actuator, the nickel layer thickness
was not stated. Relatively thin V-beam actuators on the order of 2-4 pm in
polysilicon, highly doped silicon, and electroplated nickel were investigated
by Que et al. (1999, 2001), and in polysilicon by Sinclair (2000), who placed
several actuators in parallel, thereby enabling an increased output force.
Chu and Gianchandani (2003) presented a 2-D in-plane positioning stage
containing two 65 pm thick silicon V-beams constructed in the low resistiv-
ity top layer of custom SOI wafers. The 3000 um long and 36 pm wide actu-
ators were each capable of 19 um displacements and had a designed
blocking force of 72.5 mN. Unamuno et al. (2005) showed 1-D in-plane
fibre alignment using a thermal V-beam array having ten parallel beams
providing 24 um fibre tip displacement, with a calculated opposing fibre
force of 1.83 mN.

Recently, polymeric electrothermal actuators have received attention as they
are capable of producing large displacements at lower power consumptions
and operating temperatures than silicon thermal actuators due to the larger
thermal expansion coefficient of polymers. For example, Chronis and Lee
(2005) have presented a polymer microgripper for cell manipulation in lig-
uids consisting of two U-beam actuators with a 20 um thick layer of the
popular SU-8 as structural material and thin chrome and gold layers serving
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|
vi!
Figure 4.3 Typical V-beam actuator

as heating elements. With an overall length of 650 pm, gripper openings of
at least 12 pm were achieved at modest temperatures of 80°C and low volt-
ages of 1-2 V. Achievable forces are generally much smaller, based on the
considerably smaller Young's modulus of SU-8 compared to the other com-
monly used actuator materials.

Other interesting recent polymeric thermal actuator layouts were shown by
Lau (2007), who used meandering silicon segments with in-between con-
fined polymer material for increased thermal expansion to realize thermal
actuators aimed at having large tip motions and reasonable forces at low
temperatures and power consumption. Although the initial results were
promising, fabrication was still challenging and therefore this type of actu-
ators was not considered for the fibre alignment case.

The first thermal actuator demonstrator

series]

In this section, the design considerations, fabrication process, and the
experimental results of the first thermal actuator demonstrator series devel-
oped in the PIAF project are presented.

Design and processing

The main purpose of this series was to obtain the first working thermal
actuators, and to acquire improved insight into attainable positioning
ranges and forces by using these actuator types. The aim was to develop
thermal actuators capable of achieving displacements approximately in the
10-um range, which was the lower limit specified in the requirements over-
view in Table 3.3 in the previous chapter. To reduce the processing complex-
ity a limitation was made to in-plane actuation structures only (U- and

1 with some alterations, Section 4.4 has previously been published as Henneken et al.

(2006) in the Journal of Micromechanics and Microengineering.
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V-beam actuators). Compared to thermal bimorph actuators with thick
layers, their fabrication is less challenging, and more examples are available
of devices capable of achieving the required high forces. Moreover, they
have been extensively modelled, see for example Huang and Lee (1999),
Mankame and Ananthasuresh (2001), Lott et al. (2002), Hickey et al.
(2003), and Geisberger et al. (2003), which is beneficial for the potential of
successful applicability.

For the device manufacturing, bulk micromachining was employed since
this rendered the possibility to fabricate sufficiently stiff and robust struc-
tures for the considered application. A considerable amount of out-of-plane
stiffness was achieved through the use of a sufficiently large layer thickness,
obtained by DRIE using the Bosch-process (Robert Bosch 1994). This fab-
rication method provides well-defined structures having straight sidewalls
perpendicular to the wafer surface with high aspect ratios and a large design
freedom in the wafer plane. With feature sizes down to 20 pm, the device
layer thickness was safely set to 100-120 um.

We used conventional silicon wafers in order to keep the recurring costs low.
Of course, the use of more costly SOI wafers can be considered as this sim-
plifies the process. The backside was thinned using a timed anisotropic wet
etch, allowing for flexibility in achieving device thickness variations.

Heating was chosen to take place by current flow in a thin doped polysilicon
layer on the top surface. This was selected as it is a common material for
thermal actuation, and it can be used up to high temperatures (500-600°C)
(Ehmann et al. 2001, Lee et al. 2006), which are required to achieve suffi-
cient deformations due to the small thermal expansion coefficient of silicon.
Moreover, its electrical resistivity can be tuned in a wide range to obtain
convenient voltage and current levels. Diffusion of phosphorous was used
to dope the polysilicon layer. This was selected to obtain relatively low sheet
resistance values (approximately 300/square) in order to achieve sufficient
power dissipation at moderate voltage levels. Little, if any, parasitic out-of-
plane bending was expected, based on the small difference in thermal
expansion coefficient with the single crystal silicon of the substrate and the
high temperature uniformity across the cross-section of the structures due
to the high thermal conductivity of silicon. This was verified by thermal
modelling using the commercial finite element modelling software
ANSYS™ and also by analytically determining the Biot number for the
cross-section of the structures. It was much smaller than unity, indicating
that the internal cross-sectional temperature gradients were small and the
required time for the heat to penetrate from the top of the cross-section to
the bottom was short compared to the time required to transport the heat
to the anchors (Hickey et al. 2003). For thermal calculations this has the
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advantage that the model can be simplified because only the temperature
distribution along the beam length needs to be considered.

A chip design was made containing various U- and V-beam variants. Here
only one of each is discussed. A schematic overview of the main fabrication
steps is shown in Figure 4.4. See Appendix A for a more elaborate process
flow description.

1. Thermal oxidation
300 nm

= = ——

5. Aluminium
sputtering 0,6 ym
Dry etching Al

interconnects

oxide mask resist scratch protection

6. PECVD oxide +
patterning to create
DRIE mask

2.LPCVD SiN

300 nm low stress Leave resist for

scratch protection

— — 7. Backside wet

- 3. LPCVD polysilicon U etching using
500 nm low stress KOH mask
Phosphorous diffusion —_— | Leave thickness
Poly dry etching 100-120 um

polysilicon heater element

= —— ——— —— A 8. Remove scratch
4. 3000A LPCVD protection layer
TEOS oxide Silicon DRIE until

Dry etching contact

A etch through thin area
openings

Remove oxide mask

-

The starting substrate was a standard 525 pm silicon wafer onto which a
300 nm oxide layer was thermally grown, followed by low-pressure chemi-
cal vapour deposition (LPCVD) of 300 nm low-stress silicon nitride (steps
1 and 2). A 500 nm low-stress polysilicon layer was deposited using LPCVD,
and subsequently doped with phosphorous by diffusion, and patterned
using a resist mask by means of dry etching (step 3). After this, a 300 nm
tetraethoxysilane (TEOS) oxide layer was deposited using LPCVD, which
was similarly patterned using dry etching to form the openings for contact-
ing the underlying poly layer (step 4). Subsequently, aluminium was sput-
tered and patterned to form the electrical leads to the heaters (step 5), and
the DRIE mask was created by plasma etching a PECVD oxide layer. This
mask was used at the end of the flow to create the fibre grooves and actua-
tors. The resist mask was left for scratch protection (step 6). On the backside
openings were created in the nitride-oxide layer, after which wet anisotropic
etching was employed to form cavities until a substrate thickness of
100-120 um remained (step 7). Finally, the resist scratch protect layer was
removed, and DRIE was used to create the actuator structures and fibre
grooves, after which the oxide mask layer was removed (step 8).

—
? 7
100-120 pm

Figure 4.4 Process sequence in-plane actuation structures

The specific U- and V-beam actuators discussed in this section are shown in
Figure 4.5, together with their respective overall geometrical dimensions.
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These dimensions were determined using finite element modelling, which
is briefly discussed in the following subsection. The polysilicon layer, which
is omitted here for clarity, was taken 4 um narrower on both sides than the
structural beams to ensure that the polysilicon layer was fully covered (also
on its sides) by the silicon dioxide insulation layer to prevent the potential
presence of undesired current paths.

anchors fixed to
the substrate

thin arm
Vv
flexure wide arm
1800
| G
: 178
30 i 30
1500
(a)
30
“““ 0.1 rad 1800 f

(b)

Figure 4.5 Schematic representation of (a) the U-beam and (b) the V-beam
thermal actuation structure. The polysilicon layer followed the same
geometry, only was 4 ym narrower on each side.

Modelling

Based on finite element modelling using ANSYS, the expected free deflec-
tion at a 40 V load was just under 15 pm and a little over 10 pm for the
U-beam and the V-beam actuator, respectively (see Figure 4.6). When
including a fibre these values were estimated to drop to around 10 pm (the
V-beam structure was significantly stiffer than the U-beam, hence the dif-
ference in deflection decrease). The modelled power needed for these
deflections was 0.42 W for the U-beam and 0.64 W for the V-beam struc-
ture, producing approximate peak temperatures locally of up to 500°C and
600°C, respectively. Figure 4.7 provides numerical results of deflection and
maximum temperature versus voltage for the range from 0 to 45V, for both
the U- and V-beam thermal actuators.

The finite element modelling presented here was intended as virtual proto-
typing tool. The goal was to determine the overall dimensions needed for
achieving the desired output performance. The model only required to be
sufficiently accurate for this purpose, instead of being as accurate as possi-
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Figure 4.6 (a): Finite element model of the U-beam actuator at 40 V load including

matching temperature profile along the beams, starting from the anchor on the hot

arm side (in °C). (b): Model of the V-beam actuator at 40 V and matching temperature

profile along the beam.
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Figure 4.7 Modelled displacements and maximum temperatures at a voltage range
from 0 to 45V, (a) for the U-beam and (b) for the V-beam thermal actuation structure,
respectively
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ble. Purely conductive heat transfer was assumed, and convection, radiation
and conduction through air were not taken into account. The thin polysili-
con resistor layer - as well as the other thin deposited layers on top of the
beams - was not included in the models. Modelling was performed with an
equivalent electrical resistivity inside the bulk of the beams. Besides ther-
mally, mechanically this had also very little influence, in the order of the
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(a)

thickness ratio between these layers and the overall beam thickness (~ 1%).
The Young's modulus, the thermal expansion coefficient and the thermal
conductivity were inserted into the models as temperature dependent prop-
erties.

Fabrication results and experiments

The fabrication results are shown in Figure 4.8. In Figure 4.8(a) an overview
image is provided of two individual U-beam actuators and one V-beam
actuator after final release. Figure 4.8(b) shows a close up of the end con-
nection of the right U-beam actuator. Both images were taken from a 45°
viewing angle. It can be seen that the fabrication had rendered very smooth
straight sidewalls without observable under etch. The in-plane dimensions
very accurately matched the designed values. The cold actuator arm was
provided with an extra wide part at the top end so that the fibre had a well-
defined contact area with the actuator structure. (The thin light-coloured
aluminium lines visible on top of the U-beam actuator were included for
temperature measurement purposes.)

(b)

Figure 4.8 SEM images of fabricated in-plane actuators at a 45° viewing angle: (a)
overview of two U-beam actuators (left) and one V-beam actuator; (b) close up of a
U-beam actuator tip
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The actuator thickness was measured to be 130 um, which was more than
the 120 um originally aimed for due to the fact that the wafer thickness of
525 £ 25 pm had not been measured before processing. Although this gave
somewhat different actuation behaviour, this thickness variation was not
critical and even though the KOH backside etching was a timed process the
thickness could have been controlled much more accurately if desired.

In order to be able to perform experiments both with and without fibre, a
groove for holding a fibre was devised extending from the actuator down-
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wards. This fibre groove was designed to be 126 um wide, just 1 um wider
than the nominal fibre diameter. Between the actuator-fibre contact area
and the narrow fibre groove the fibre was sideways unsupported, see Figure
4.9. This free length, which is denoted as L, in the figure, was clearly
defined and can be considered as the free length of a fibre clamped at the
groove extremity. Both actuator structures were fabricated with two differ-
ent free fibre lengths (2000 and 3000 um), since this has a significant effect
on the stiffness to be overcome by the actuator (for 3000 pm only around
one third of that for 2000 um). The groove was provided with a taper on the
outside for guiding the fibre when inserted from the side.

I—free

(a)

Lfree

(b)

Figure 4.9 Schematic overall geometry of a U-beam (a) and of a V-beam
actuator (b), both including fibre holding groove. Indicated is the free
length across which the fibre is unsupported between groove and actuator
contact area.

The actuator-fibre contact area and the fibre holding groove were placed
exactly in line with each other, so in-off state the fibre was nominally posi-
tioned just against the actuator. In reality the fibre ends were not always per-
fectly straight, and since an opposing passive spring was omitted in the
design it was possible that the fibre was not in direct contact with the actu-
ator at 0 V. Therefore, for all measurements including fibre it was ensured
that the fibre at least made contact with the actuator. In practice this meant
that at the start the fibre most of the times exerted a slight pressure onto the
actuator.
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Inserting a fibre in either of the in-plane structures did not render unex-
pected difficulties. The manual handling operation was delicate, but no
noticeable damage to the fibre or to the actuation structure was observed. It
was particularly easy to insert a fibre from the side into the fibre groove,
although it could also be inserted from the top. When inserting from the
side, no fibre buckling or obstructions due to friction effects were observed.
Figure 4.10 for a top view of a U-beam structure with a fibre directly posi-
tioned against the actuator.

500 1000 um . Optical fibre

Figure 4.10 U-beam structure including optical fibre

A first performance inspection of an 1800 um long U-beam actuator with-
out fibre loading proved acceptable accordance of the measurement results
to the modelled values. A linear increase in voltage from 0 to 40 V yielded
an estimated maximum free end effecter displacement of over 10 pm. A col-
our change was observed at approximately two-third of the thin arm length
from its anchor due to the temperature increase.

Subsequently, it was determined to which voltage level the actuators could
be powered. For this purpose, a U-beam actuator was subjected to linear
voltage ramps from 0 V to increasingly high end voltages. During this, the
resistance value of the actuator was measured and plotted against the corre-
sponding voltage level. The result of this test is presented in Figure 4.11.

For each cycle it could be observed that initially the resistance increased
with increasing voltage. This is a known phenomenon for heavily doped
polysilicon and silicon heated structures, which is caused by decreasing car-
rier mobility due to increased electron-phonon scattering in the silicon
(Sernelius 1990). Also it could be seen that the first three cycles (subse-
quently with maximum voltages of 20, 40 and 50 V) for their common part
closely corresponded. Only the graph for the fourth linear increase (to
60 V) noticeably started to deviate from the previous three graphs. This
could only be explained from a change that had occurred in the previous
cycle up to 50 V. In fact, when completing the linear increase to 60 V, the
resistance reached a certain maximum value, after which it started to
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Figure 4.11 Measured voltage-resistance behaviour of the U-beam
actuator at successive linear voltage ramps from 0 V to increasing end
values up to 80 V

decrease when proceeding to higher voltages. This is a known behaviour for
semiconductor materials, which is caused by an increase of the intrinsic car-
rier concentration with temperature (Chui et al. 1999). At increasing tem-
peratures, more and more electrons are excited into the conduction band of
the silicon. At a certain temperature, denoted as the intrinsic temperature
T;,p the intrinsic carrier concentration increases to such an extent that it
exceeds the external doping concentration, leading to a decrease in electrical
resistivity!, which in turn allows more current to flow. This generates more
resistive heating, leading to a further drop in resistance. This positive feed-
back cycle may cause instability in case of voltage control in which the tem-
perature of the heater region suddenly rises in an uncontrolled manner, also
referred to as thermal runaway, eventually leading to abrupt failure of the
device.

For the following linear voltage ramp even a further decrease of resistance
was observed, indicating progressing change of the actuator structure. It
could be seen that the top of the resistance curve had decreased to approxi-
mately the end resistance level of the previous curve. When attempting to
increase the voltage in the subsequent cycle to 80 V, the resistance level
indeed ultimately dropped very rapidly, accompanied by an uncontrolled

' Note: the maximum resistance in the actuator is dependent on the temperature pro-

file, determined by the geometry, and may therefore not occur precisely at the intrinsic
temperature. Furthermore, the intrinsic temperature is higher at higher dopant concen-
trations.
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current increase, followed by a safety stop of the measurement equipment
at approximately 75 V. Just before reaching this value the actuation struc-
ture started emitting visible light at the thin arm, where the temperature
reached the highest level. After this test, although the current path had been
damaged significantly, it was not interrupted and the mechanical integrity
of the overall structure was still intact.

Changes in room temperature resistance of doped polysilicon heater ele-
ments after high-temperature loading were also reported by Ehmann et al.
(2002) and Chu et al. (2006). However, this phenomenon is not yet fully
understood. It was found to be strongly depending on cooling rate, and it
was even shown to be possible to reversibly switch between different room
temperature resistances by applying appropriate cooling rates (Ehmann et
al. 2002). Slow cooling enabled the polysilicon to relax to a low temperature
state with higher resistance, whereas at fast cooling the lower resistance
value seemed to be frozen. Though the exact cause was unclear, this was
suggested to be related to a redistribution of doping atoms between grains
and grain boundaries at high temperatures.

Many more temperature-dependent effects were shown to occur, such as
polysilicon recrystallization above approximately 870 K and plastic defor-
mation above ~ 930 K (Deladi et al. 2004). However, it was proven possible
to operate the devices above 870 K for more than six hours without failure
(Ehmann et al. 2001). Although the changes were not inherently detrimen-
tal - in many cases the actuator performance was improved over time (Chu
et al. 2006) - this was not investigated further, and temperatures above this
value were avoided for safety. For the V-beam structure similar behaviour
was found, and a maximum voltage for both actuation structures for the
remaining tests was set to 45 V.

Deflection measurements were performed both without fibre, and with a
fibre fixed respectively at 2000 um and 3000 um from the actuator tip. In
Figure 4.12(a) and Figure 4.12(b) the deflection behaviour is shown of the
U-beam as function of applied voltage and of dissipated power, respectively.
In Figure 4.13(a) and Figure 4.13(b) the same is shown for the V-beam actu-
ator. The deflection measurements were performed by means of software
recognition using the in-plane measurement functionality of a Polytec
MSA-400 laser Doppler vibrometer (Polytec 2008, see also Appendix D),
and were estimated to be approximately 50 nm accurate. For the U-beam
actuator, a significant difference in deflection with and without fibre was
present, and also with the fibre at different cantilever lengths. This can be
attributed to the comparable stiffness of the U-beam actuator and the fibre.
At 2000 um cantilever length the fibre stiffness was close to the actuator
stiffness, whereas at 3000 pm length the fibre stiffness was only around one
third of this value. Theoretically, the power-deflection behaviour was
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expected to be linear (Hickey et al. 2003), but due to the considerable
increase in electrical resistance with increasing temperatures, the deviation
from linear was significant.
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Figure 4.12 Deflection curve U-beam actuator as function of voltage (a),
and power (b), with and without fibre loading at two different cantilever
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Figure 4.13 Deflection curve V-beam actuator as function of voltage (a),
and power (b), with and without fibre loading at two different cantilever
lengths

The V-beam actuator had a considerably higher stiffness than the U-beam
actuator, and therefore the decrease in deflection due to the fibre loading
was much smaller. Although the achievable deflection without fibre was
lower for the V-beam than for the U-beam actuator, when the fibre was can-
tilevered at 3000 pm the deflection was comparable, and at 2000 pum the sit-
uation was reversed.

Finally, also using the Polytec laser vibrometer system the dynamic step
responses of both the U- and V-beam actuators were measured, again with-
out and with fibre loading at 2000 um and 3000 pm cantilever lengths.
These are shown in Figure 4.14(a) and Figure 4.14(b) respectively. At time
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t = 0 s a voltage step signal of 45 V was applied to the actuation structure,
after which the time-deflection behaviour was recorded. Both the U-beam
and the V-beam actuator were tested twice on different devices without
fibre. As can be seen from the plotted graphs the results closely matched
each other, indicating that the behaviour is reproducible.
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Figure 4.14 Step response U-beam (a) and V-beam structure (b) with and without
fibre loading (both tests were performed twice without fibre)
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For the U-beam actuator a significant overshoot was observed, which
decreased at increasing fibre load. The V-beam on the contrary exhibited no
overshoot, but instead a gradual movement to its end position. Including
fibre load, the V-beam actuator was slower in reaching its end position, due
to the significant thermal influence of the fibre onto the actuator. The con-
tact between actuator and fibre was at the hottest actuator location, there-
fore initially a large temperature difference was present between actuator
and fibre. The slower transient behaviour can be explained by the lower
thermal diffusivity & of glass compared to silicon. The thermal diffusivity of
a material is a parameter that provides an indication of its ability to adjust
its temperature to that of its surroundings, and it is calculated by taking the
ratio of thermal conductivity k to volumetric heat capacity pC, of the
material. Glass has approximately a 20 times lower thermal diffusivity than
silicon, therefore the combined actuator-fibre system is much slower in
reaching its steady-state situation than the actuator alone. For the U-beam
actuator the presence of the fibre had less effect on its transient behaviour,
because the actuator temperature at the fibre-actuator contact area was sig-
nificantly lower than for the V-beam actuator.

For both actuators after approximately 0.3 s the end position was reached to
within + 0.1 pm. Also shown is the cooling down behaviour, which, perhaps
against intuition, was found to be even faster than the heating behaviour;
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typically within 0.2 s cooling down is achieved with a position stability of
better than £ 0.1 um (see Figure 4.15).
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Figure 4.15 Cooling step response U- and V-beam structures

The experimental results were in acceptable agreement with the modelled
values. Overall, the deflections were lower than originally modelled, which
may be due to the increased electrical resistivity of the heater elements at
elevated temperatures and to the fact that convection, radiation and con-
duction through air were not included in the models. The exact peak tem-
peratures in the U- and V-beam actuators could not be determined, because
no equipment was available for this. Since the power levels during the
experiments were lower than calculated using the models, the maximum
temperatures were also lower. Therefore, it was estimated that at 45 V the
maximum temperatures during the experiments have remained below
600°C.

The uniform deformation of the overall beam structure without observable
torsion or out-of-plane curling indicates that the temperature gradient over
the vertical cross section of the actuators is indeed relatively small and may
be neglected, as was predicted.

Discussion

From the overview presented in Section 4.1, it may be concluded that the
most promising MST-based actuation principles for internal fine part posi-
tioning are electrostatic and electrothermal actuation, based on their simple
construction requiring no special materials, and their relatively large design
flexibility. Nevertheless, in general both the attainable number of degrees of
freedom that can be actively controlled as well as the attainable actuation
ranges using MST-based functionality are rather limited; for example
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achieving useful actuation in more than two degrees of freedom with trans-
lations of over 10 pm is considered very challenging.

For the fibre alignment case electrothermal actuation was selected, since
this principle is able to provide the high work loads required for this appli-
cation. In-plane U-beam and V-beam thermal actuators were fabricated
and tested in order to obtain improved insight into the capabilities of these
actuator types. Using 1800 pm long U- and V-beam thermal actuators, free
end effecter displacements of around 13-14 um were achieved at a voltage
level of 45 V. When including a fibre the displacements reduced to
11-12 pm, except for the U-beam at 2000 pum cantilever length, for which
the deflection decreased to 8 pm. The power consumption for these deflec-
tions was approximately 0.45-0.55 W, with a typical heating time of around
0.3 s. The attained travel ranges and position stability are promising for the
fibre-chip coupling application, and also the control of the actuators can be
acceptably fast. The V-beam is considered the most attractive actuation
structure of the two, based on its high stiffness, resulting in smaller displace-
ment reductions at comparable loads. It occupies less area than an equiva-
lent U-beam actuator, particularly for applications requiring relatively high
actuation forces. Additionally, V-beam actuators can be placed in parallel to
increase output force with no coupling penalty, whereas for U-beams placed
in an array, the connecting beams reduce the achievable displacement by
consuming much of the energy in bending them (Sinclair 2000).

Using the insights gained in this chapter, the PIAF design is continued in
Chapter 5 by first studying the coarse assembly process that should precede
the final fine positioning of the fibre. This results in sharper requirements
on the fine positioning ranges in x and y, which are then used as inputs for
the development of the 2-D fibre fine positioning concept presented in
Chapter 6. Electrothermal actuation will be used for this concept, as deter-
mined in the present chapter.



5.1

Coarse assembly process

In this chapter a design is proposed for the coarse assembly process that
should precede the final fine positioning of the fibre. This design is vali-
dated on the basis of a tolerance analysis using data from literature. Based
on a realistic estimation of the tolerance stack between laser output window
and fibre core in the directions perpendicular to the fibre axis, the mini-
mum actuation ranges for the internal positioning functionality in these
directions are determined. These will function as improved requirements
for the continued 2-D fibre positioning concept development, presented in
Chapter 6.

An advantageous method to achieve the high required coarse assembly
accuracy is using accurately defined features in the parts to be mated. Avail-
able methods to achieve accurate part positioning are discussed in Section
5.1. Following, the proposed coarse assembly design of the crucial compo-
nents in the laser diode device is discussed in Section 5.2, whenever possible
aided by MST-based alignment features to reduce the coarse placement
accuracy requirements. Finally, a detailed analysis of the tolerance build up
between the optical components is presented in Section 5.3.

Methods for achieving position accuracy

The purpose of the so-called 'coarse' assembly process is to place the part
'roughly’ within the actuation ranges for the degrees of freedom that are
subsequently fine positioned, and to obtain sufficient positioning accuracy
in the remaining directions. Since the overall assembly cost should be com-
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petitive with conventional assembly methods, attention should be paid to
the related additional cost.

Generally, the lower the required positioning accuracies, the faster and less
expensive the assembly steps can be. For example, for assembling optoelec-
tronic components at = 1 pm placement accuracy, generally specialized
machines are required having typical throughputs in the range of 30 to 100
placements per hour (Schwab et al. 2004). In contrast, commercially avail-
able pick-and-place machines are quite routinely able to place thousands of
components per hour at 20 pm in-plane positioning accuracies at relatively
low cost.

To avoid time consuming and costly coarse assembly steps, the internal
assembly functionality would ideally take care of fine positioning in all crit-
ical directions, allowing the coarse assembly to be very straightforward and
cheap to accomplish. However, as we have seen in the previous chapter the
attainable number of degrees of freedom that can be actively controlled
using MST-based functionality is rather limited. Based on these results,
achieving useful actuation in more than two degrees of freedom is expected
to be very challenging. This means that in cases needing accurate position-
ing in more than two degrees of freedom, in one or more of these directions
this accuracy needs to be achieved by external assembly functionality, which
increases cost.

To prevent this situation, an attractive alternative solution for achieving the
required coarse assembly accuracy is using accurately defined features in
the parts to be mated. This is schematically depicted in Figure 5.1, showing
basic alternatives for achieving positioning accuracy.

Position accuracy
achieved from

Assembly Manufacturing

Silicon optical bench (SiOB)

Performance - Solder self- Mechanical
Position feedback ) .
feedback alignment alignment features
Optical domain: Vision-based Subsection 5.1.2 Subsection 5.1.3
active alignment placement;

Subsection 5.1.1

Figure 5.1 Alternative possibilities for achieving part positioning accuracy

As shown in the overview, the two main methods of achieving position
accuracy from assembly are by performance feedback and by position feed-
back. The earlier discussed active alignment is a common example of
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Coarse assembly process

employing performance feedback for optical applications. It is not consid-
ered in this chapter, since it is a very expensive solution, and thus not
regarded fit for coarse assembly in combination with PIAF. The most com-
monly used method of using position feedback is by means of vision. This
method applied to laser diode placement is briefly discussed in Subsection
5.1.1.

Besides achieving the part position accuracy from the assembly by means of
performance or position feedback, there are two main methods relying on
manufactured features in the parts to be mated:

« the use of solder self-alignment;
« the use of mechanical alignment features.

Using these methods, it is possible to obtain a self-positioning effect of the
parts, which would allow the use of simple pick-and-place functionality at
much lower cost. The fact that MST-based fabrication was chosen for the
positioning actuators is very attractive in this respect, since it pre-eminently
allows for fabricating this type of very accurate features by means of photo-
lithography.

In literature, many examples are available of the use of lithographically fab-
ricated features in silicon to aid in the accurate positioning of parts. The sil-
icon base part in these examples is usually referred to as silicon optical bench
(SiOB) or silicon waferboard. Generally, the purpose is to develop low-cost
optoelectronic devices by replacing active alignment by passive alignment,
by means of mounting all components on an accurately microstructured
silicon carrier (Mickelson et al. 1997). By careful design and combining
techniques, relative positioning accuracies in the pm range have been
shown. This is sufficient for low-cost optoelectronic devices, and is also
promising for the coarse assembly of the components in the case investi-
gated in this project. Seen in this view, the PIAF concept could be regarded
as an extension to the silicon optical bench approach, in which additionally
active assembly functionality is integrated with the product for enhanced
positioning accuracy in selected degrees of freedom. Solder self-alignment
and the use of mechanical alignment features are discussed based on exam-
ples from literature in Subsections 5.1.2 and 5.1.3, respectively.

Vision-based placement

Examples of accurate laser diode assembly using vision-based positioning
are given by Cohen et al. (1991), Kurata et al. (1996), Yamauchi et al. (2000),
Owen (2000), Breedis (2001), Goodrich (2001), Dautartas et al. (2002), and
Rho and Lim (2007). In this method, alignment marks - also called fiducials
- are patterned on the laser diode (LD) and on the silicon surface by means
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of photolithography. The LD is positioned by detecting each alignment
mark, and subsequently attached using solder. This method is also com-
monly referred to as index alignment.

Commercial systems are nowadays available that can perform component
placement with sub-pum post-bonding accuracy, e.g. the TRIAD 05 AP flip-
chip bonder by the French company S.E.T.! can obtain a + 0.5 um post-
bond accuracy in all three orthogonal directions (3 sigma) and achieve a
maximum throughput of up to 200 units per hour, see also Rho and Lim
(2007). Similar post-bonding accuracies were also presented by Kurata et al.
(1996) and Dautartas et al. (2002). Alternatively, instead of purposely made
fiducials, Nakagawa et al. (1998) used already present features on the LD
and the silicon optical bench for the alignment. For the LD chip, the mesa
structure at the active laser region and the front edge of the chip were used.
The measured in-plane positioning accuracy was better than 1 pm and the
rotation around the vertical axis was within 0.4°.

Solder self-alignment

The self-centring effect in solder bonding for optoelectronic component
alignment was first used by Wale and Edge (1990). They used eutectic lead-
tin (PbSn) solder bumps for self-aligning an integrated optical device chip
to single mode optical fibres on a silicon V-groove array, thereby allowing
for a lower initial placement accuracy. A self-alignment accuracy of approx-
imately 1 um was reported.

An early overview of solder self-alignment examples in literature was pro-
vided by Tan and Lee (1996). In general, these examples showed self-align-
ment accuracies of better than 2 um, both with and without use of
mechanical stops or spacers, also called pedestals and standoffs, respectively.
The self-alignment effect is based on the surface tension of molten solder,
as is shown in Figure 5.2.

motion

part to be >
assembled
base part

Wetting and fine

Initial offset :
motion

Final position

Figure 5.2 Self-alignment based on surface tension
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The in-plane restoring force, which is responsible for final alignment,
becomes vanishingly small at the final stages of alignment, practically lim-
iting the attainable alignment accuracy using this method. Efforts were
made to overcome this by aid of mechanical alignment features, e.g. by Jack-
son et al. (1992), which also allowed less precise solder volume control. An
increased restoring force was obtained by deliberately offsetting the solder
pads of the chip with respect to the substrate to ensure contact between the
aligning surfaces. Using mechanical alignment structures defined in an
already present layer in which optical waveguides were created (see Figure
5.3), alignment of better than 2 um after an initial misalignment of 25 um
was reported.

T om0

4-Channel
laser array

~

Micro-stop Standoff

(a) (b)

Figure 5.3 Flip-chip solder bump attachment for a four-channel laser array
using solder self-alignment combined with mechanical alignment
features; (a) overview image, and (b) close up of corner (Jackson et al.
1992)

A general challenge of using mechanical alignment features is formed by the
interfacial frictional forces that must be overcome. The restoring forces
must be large enough to move the component to the final position once the
stops make first contact. More recently, concepts using this approach were
also presented by Rehm et al. (2000) and Hutter ef al. (2004), the first of
which reported an achieved 1.4 um final offset between laser and fibre after
placement of the laser chip with an initial tolerance of approximately
10 pm. Hutter et al. clearly showed that the alignment features between the
components were in direct contact, indicating that the achievable align-
ment accuracy was solely determined by the fabrication accuracy of the
components. Both used eutectic gold-tin (AuSn) as the solder material,
which is the solder material of choice for laser diodes and other optical
chips requiring accurate alignment. Its high stability and - unlike most
other solder materials - absence of creep behaviour make it the preferred
choice. In addition, soldering can be fluxless, which is beneficial, because
the use of liquid flux may contaminate the optically active surface by
organic residue.
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Another approach for improved in-plane positioning accuracy using solder
self-assembly was presented by Humpston (1997). In this method, pairs of
wettable metal pads were deliberately misaligned so that the equilibrium
position was a balance of opposing forces. Using this approach, in-plane
alignment accuracies of better than + 0.25 um could be achieved. However
no additional literature was found to support this claim.

As mentioned before, a small solder height is desired to achieve small bump
height variations. However, according to Sasaki et al. (2001), to achieve
good self-alignment with spherical bumps, the aspect ratio of bond height
over pad diameter of a solder bump should be above a lower limit, which
was found to be around 0.75 for AuSn. To reduce the bump height, smaller
bumps should be formed, thus increasing the required initial chip place-
ment accuracy. To overcome these difficulties, they presented a solution
with stripe-type solder bumps capable of achieving + 1 pm bonding accu-
racy in both in- and out-of-plane directions, see Itoh ef al. (1996) and Sasaki
et al. (2001). These solder bumps were created by means of punching pre-
forms from AuSn ribbon and directly pressing them onto stripe-shaped
pads on the substrate, and subsequently melting to reflow the solder. The
stripes were oriented orthogonally with respect to each other, each set
working in a perpendicular direction (laterally with respect to the stripe
length). The best results were obtained with stripe-type solder bumps of
25 pm wide X 140 pm long X 18 pm high, which were shown to self-align
with maximum initial misalignments of up to = 20 um at a high reliability.
This approach was tested for various chip sizes, and according to modelling
results presented in Sasaki et al. (2001), the heat resistance had increased
somewhat compared to a full film solder layer between optical chip and
substrate. However, this increase was considered acceptable for low-power
optical transmitters with continuous heat generation in the order of
20 mW. Similar results were presented by Lindgren et al. (1997), who
reported an estimated achievable misalignment of + 1 um in the plane per-
pendicular to the fibre axis with an initial laser chip positioning inaccuracy
of approximately + 20 pm.

Mechanical alignment features

Instead of being used in combination with index alignment or solder self-
alignment, mechanical alignment features can also be used as stand-alone
technique to aid the assembly equipment in achieving accurate positioning
of parts. This approach was already used in 1986 for the accurate position-
ing of a waveguide chip to a single mode fibre array by help of reactive ion
etched alignment ribs and silicon V-grooves by Kaufmann et al. (1986). The
two most common methods of using MST-based mechanical alignment
features are by stops in the form of ridges or pedestals, and by anisotropi-
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cally wet etched cavities such as the well-known fibre V-grooves, see Figure
5.4.

(a) (b)

Figure 5.4 Two common approaches of using MST-based mechanical
alignment features: (a) moving a planar component against a vertical
shallow ridge; (b) inserting a component into an anisotropically wet
etched cavity

Ridges and pedestals are usually relatively shallow and are therefore mostly
used for planar components having flat surfaces with sharp edges. Examples
are shown by Armiento et al. (1992) and Boudreau et al. (1998), who both
used pedestals and standoffs to define the position of a laser bar during
robotic placement. The mechanical micro features were etched with a tol-
erance of less than 0.5 um, permitting the placement of the laser array to an
accuracy of £ 1 um, of course similar to the position accuracies observed for
the combined use of solder self-alignment and mechanical alignment fea-
tures. Armiento et al. reported an applied force of 10 mN to ensure that the
laser was brought in contact with the alignment pedestals and held in con-
tact during the solder reflow process. According to Boudreau et al. the
whole processing cycle, including pick up, alignment and die bonding was
performed within 15 s, which they claimed to be much faster than typically
achieved using expensive vision-system piezo-electric based bonders. More
recent papers, e.g. by Mitze et al. (2006), reported similar results.

Besides the well-known V-grooves for positioning optical fibres, the use of
anisotropically wet etched cavities has also been shown for ball lenses, e.g.
by Huang et al. (1998), and LDs. In Hunziker et al. (1995) a laser array is
aligned to KOH etched side walls on the silicon substrate by means of ver-
tical alignment trenches in the laser that are accurately defined with respect
to the active laser area. The guidance by the silicon side walls during the
insertion results in a self-positioning effect. The V-grooves for the fibre
were defined in the same step, allowing for larger tolerances in the sidewall
fabrication, since process-related variations have effect on both the vertical
laser and fibre positions, causing - within limits - the optical alignment to
be maintained. In their approach, the initial misalignment tolerance for the
placement tool was relaxed to approximately 10 pm.
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Figure 5.5
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In Choi et al. (1999), similar anisotropically etched silicon sidewalls were
used on the substrate for the laser and fibre positioning. Only in this case,
instead of using etched vertical trenches inside the laser chip, the outer
edges were used for aligning the chip, which were accurately defined using
anisotropic wet etching (see Figure 5.5). Conventionally, side-emitting laser
die are cleaved at the front and rear faces along crystallographic planes to
obtain optically smooth surfaces, and along the sides they are generally sep-
arated by means of dicing. Normally, the locations of these cleaved and
diced faces are only controlled in the range of several microns. Therefore,
Choi et al. lithographically etched small grooves along all sides of the chips
to ensure breaking to occur at these specified locations. In this way, the size
of the laser diode chips and the distance between the sides of the chip to the
active region could be controlled to £ 0.5 pm. The overall alignment accu-
racy from laser to fibre was estimated to be = 3 um based on output meas-
urements.

Active stripe Size-controlled
. laser diode chip

-
= -2 ' Silicon chip with groove Au-Sn solder.
Cleavage plane for breaking for self-aligning
(b)

Self-alignment of size-controlled LD in cavity of silicon base part: (a)

bottom view of two laser die before cleaving; (b) LD and Si base part prior to
positioning (Choi et al. 1999)
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The anisotropic cavity width can be controlled to within £ 0.5 pm if the etch
mask is carefully aligned to the in-plane crystallographic orientation of the
silicon substrate. The wafer flat, which indicates the crystallographic orien-
tation, is typically specified to a tolerance of £ 0.5°, which, if taken as refer-
ence, could result in larger cavity width variations in the range of £ 1 pm.
By testing each wafer individually, the actual crystal orientation can be
determined to better than + 0.2°, which upon proper alignment results in a
width variation within + 0.5 pm (Goodrich 2001). As can be understood,
mask undercut resulting from a misalignment between etch mask and crys-
tallographic orientation mainly contributes to a misalignment in the verti-
cal direction (Breedis 2001).
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5.2.1

Coarse assembly process

A general disadvantage of the use of mechanical alignment features is their
added fabrication cost and complexity. Fibre V-grooves are easily fabricated
and commonly used, but for example trenches in the silicon substrate for
laser chips may require patterning of metallization layers on the bottom and
side walls for solder bonding and electrical connections. This typically
involves non-standard processing steps that should be carefully fitted into
the processing sequence.

Proposed coarse assembly design fibre-chip
coupling case

In this section, a coarse assembly design is proposed for the important com-
ponents of the fibre coupling case considered in this investigation, when-
ever possible aided by MST-based alignment features to reduce the initial
coarse placement accuracy requirements, aiming to decrease the coarse
assembly cost.

First, in Subsections 5.2.1 and 5.2.2, supplementary information is pro-
vided on relevant issues concerning the laser diode and fibre assembly, after
which the actual proposed coarse assembly design is presented in Subsec-
tion 5.2.3.

Additional measures for improved laser diode
alignment

The placement accuracy of the die on the silicon substrate is only one of the
aspects contributing to the position tolerance of the active laser region with
respect to the fibre core. Therefore, a number of additional issues need to
be taken into account for improved alignment of the laser diode.

Preventing mask overlay errors If the alignment marks are defined in
different layers than the structures that must be aligned, mask overlay errors
can result in inaccuracies in the range of 0.5 um. Therefore, if possible, the
fiducials on the LD are created in the same mask as the active laser region,
and on the silicon submount in the same mask as for defining the fibre
groove, see e.g. Goodrich (2001).

Distance control between output window and fibre tip As mentioned,
the LD front facet is usually created by mechanical cleaving, resulting in tol-
erances on the distance in z-direction between the cleaved front facet and
the fiducials on the LD up to approximately 10 pm. In case the fibre end is
placed at a fixed location, for example against a mechanical stop, and the
distance between laser output window and fibre should be controlled, then
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this variability may be compensated by measuring and shifting the LD over
this distance, such as shown by Yamauchi et al. (2000). Alternatively, the
fibre end face position could be altered to compensate for this variability.

Solder height and output window position control For vertical control
of the output window position, two main parameters are important: solder
height and output window position inside the laser die. As indicated by
Dautartas et al. (2002), the thickness of the solder is difficult to control very
precisely - typically the thickness variation is 5-10% of the total metal thick-
ness, which could add up to 0.8 um for a common layer thickness of 8 um.
This inaccuracy may be reduced by using the die bonder to hold the chip at
the desired height during solidification of the solder (e.g. Kurata et al. 1996).
An alternative option is shown by Dautartas et al., in which the solder met-
allization is deposited in a specially made recess, which is smaller than the
laser, such that the laser die makes direct contact with the silicon surface
during bonding. This approach is similar to the fabrication of standoffs to
control the vertical position of the laser, as discussed in Subsection 5.1.3,
only with the benefit that this method does not introduce additional vertical
tolerances due to fabrication of the alignment features.

The active area of the laser is generally located a few microns from the LD
top surface. In most cases the laser die is placed upside down (commonly
referred to as active side down, junction down, or epi-down), because the tol-
erance in vertical direction from the top surface can be controlled to sub-
pm level, in contrast to the distance from the bottom, since the chip thick-
ness usually is not precisely controlled during manufacture. An exception is
shown by Owen (2000), who placed the laser epi-up for improved thermal
performance. In this approach, the LD fiducials were observed from the top
in the same focal plane as the alignment marks on the silicon, and the ver-
tical LD position was measured using an interferometer and corrected dur-
ing bonding. Using this approach, an average alignment error of 0.2 um was
obtained, with a standard deviation of 1.0 pm.

Fibre fixation inside a V-groove

The fibre is usually fixed inside a V-groove by means of adhesive! (e.g. Joo
et al. 2000, Lo et al. 2004, Priyadarshi et al. 2006), and sometimes by solder
(e.g. Rassaian and Beranek 1999, Beranek et al. 2000, Ou et al. 2004), but
mechanical clamping is also shown (Strandman and Bécklund 1997, Bos-
tock et al. 1998).
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Coarse assembly process

In most papers dealing with V-grooves for fibre alignment, no or very little
attention is paid to the adhesive or solder attachment of the fibre inside the
V-groove and possible position variations resulting from this. Generally, it
is assumed that e.g. for adhesive joining, the fibre remains in contact with
the V-groove walls. This can indeed be achieved by applying high pressure
throughout the curing process. Another approach was shown by Lo et al.
2004, who used low-viscosity epoxy dispensed in a reservoir connected to
the fibre V-groove. The epoxy filled the V-groove below the fibre due to the
capillary effect and was able to pull the fibre in place, similar to the solder
self-alignment in combination with mechanical stops as discussed in the
previous subsection. However, as with solder, the stresses in the adhesive
material and in the component interfaces increase with a decreasing spacing
between fibre and substrate, potentially resulting in delamination and
cracks (Rassaian and Beranek 1999, Priyadarshi et al. 2006). Typically, due
to the fixation of the fibre inside the V-groove, an additional position toler-
ance of around 0.5 pum in the directions perpendicular to the fibre axis can
be expected when it is not checked whether the fibre makes direct contact
with both V-groove surfaces.

For solder attachment, the fibre and the V-groove need to be metallised,
which makes it more costly than adhesive joining, so usually it is only
applied when high bond strength and stability are extremely important. The
rather exotic option of mechanically clamping or pressing the fibre into the
groove renders the connection adjustable, which could potentially be
attractive for the PIAF concept. In the fibre-chip coupling case, for exam-
ple, the fine positioning step may perhaps benefit from a fibre that can slide
in axial direction during fine alignment. A disadvantage however, is the
added complexity and cost of the extra process steps required for creating
the clamps, as for the previously mentioned use of mechanical alignment
features in general.

Coarse assembly design fibre coupling case

Based on the above information obtained from literature, a design was pro-
posed for the coarse assembly procedure of the crucial components in the
laser diode device that should precede the final fibre fine positioning. As
starting point, the preliminary overall configuration with a separate silicon
optical base part and positioning chip was taken that was defined in Chapter
3, shown in Figure 5.6. As much as possible, the assembly procedure was
aided by MST-based alignment features to reduce the initial coarse place-
ment accuracy requirements.

So far no final choice was made between an in-plane configuration, as
shown in Figure 5.6, and a through-plane build up, consisting of an
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Fibre
Laser diode \.
\ Positioning chip

Silicon base part

Figure 5.6 Selected schematic LD-fibre configuration including two silicon
parts between LD and fibre (repetition of Figure 3.7)

arrangement in which the fibre would protrude through the positioning
chip, which in turn would be placed orthogonal to the laser diode. This lat-
ter option has the advantage of simpler actuator creation, since it only
requires in-plane actuators for positioning the fibre tip in the plane perpen-
dicular to its optical axis'. However, this configuration was not considered
for further investigation, due to its more complicated assembly and its
lower potential for achieving an acceptably small tolerance build up, requir-
ing the fine positioning travel ranges to be very large. Moreover, a planar
build up remains closest to the conventional build up, which is also pre-
ferred.

The following coarse assembly design was proposed. Solder self-alignment
without additional mechanical alignment features was selected both for the
LD and for the positioning chip assembly on the silicon base part. This way,
relatively inaccurate placement using standard pick-and-place equipment
was allowed, while still achieving relatively low in- and out-of-plane toler-
ances of £ 1 um. The LD was proposed to be assembled active side down in
order to accurately locate the emitting region in the vertical direction, and
AuSn was selected as solder material for both chips, which could be reflown
simultaneously without the use of flux to prevent deposition of organic
material on the laser facets. Addition of the metallisation layers on the sili-
con parts for solder attachment is relatively straightforward and is not
expected to give problems in combination with other anticipated process-
ing steps.

A V-groove was selected for the fibre placement, since this is the easiest and
most commonly applied way of accurate definition of the fibre position and
orientation. Although individual wafer alignment for improved V-groove
control is a possibility, it was assumed that orienting the wafer using its pri-
mary flat would be sufficient, delivering a + 1 um tolerance in vertical direc-
tion. The fibre was proposed to be fixed using UV curing adhesive inside the
V-groove.
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Coarse assembly process

Based on its specific geometric characteristics, it was possible to constrain
the position of the optical fibre in only four degrees of freedom (x, y, 6, and
0,). The lensed fibre tip was not allowed to touch the LD or any other com-
ponent to prevent it - and the output facet of the LD - from damaging. Prac-
tically, it is very difficult to create high accuracy alignment features in any
other part of the fibre. For example, tolerances on the fabrication of the
tapered section around the fibre tip generally are so large that mechanical
stops cannot be used for achieving the desired positioning accuracy in the
longitudinal direction.

Therefore, unfortunately, for achieving the £ 0.5 um positioning accuracy
in z-direction of the fibre tip relative to the laser diode facet, still an accurate
positioning step was required, assisted by visual feedback. After this final
coarse assembly step, the alignment of the fibre tip in x and y-direction
could be performed actively using the product-internal positioning func-
tionality.

Tolerance analysis

In this section, the tolerance stacks in all six individual degrees of freedom
between laser output window and fibre core are discussed. As is clear from
the previous section, the z-direction did not have to be included in the tol-
erance analysis since the final accuracy in this direction is achieved by posi-
tioning the fibre tip directly relative to the laser diode facet. All values stated
are indicative. They are mostly based on results obtained from literature,
and as such actual values may differ. They are intended to give a good esti-
mate of the tolerance stack in order to be able to determine realistic travel
requirements for the fine positioning functionality in x and y.

For the tolerance stack calculation, a worst case approximation was taken to
ensure that under all circumstances the fine positioning functionality
would have sufficient actuation range. The total tolerance build up was cal-
culated by summation of all tolerances of the relevant part dimensions and
intermediate bond inaccuracies from laser facet to fibre core. This is the
most conservative approach!, giving the largest tolerance range. Worst case

In literature, the overall tolerance chain is sometimes also calculated using the so-
called root sum of squares (RSS) method, in which the chance that certain independent
contributions to the overall tolerance have a given value and are of the same sign is taken
into consideration. This is calculated by first squaring the errors, then adding them
together, and finally taking the square root of the sum, hence its name. This method
results in smaller tolerance ranges than the worst case method. Examples of its applica-
tion for tolerance analysis in optoelectronic packaging can be found in Kurata et al.
(1996), Dautartas et al. (2002), and Schwab et al. (2004).
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analysis is generally appropriate when typical, rather than guaranteed val-
ues, are known, so when detailed information about the values of the indi-
vidual contributions is not available.

Tolerance in x-direction

The overall tolerance stacks in both x and y were calculated by combining
all tolerances of the relevant part dimensions and intermediate bond inac-
curacies from laser facet to fibre core. Schematically, all relations contribut-
ing to the overall tolerance build up between LD facet and fibre tip in x and
y are shown in Figure 5.7.

A4>

E === : SOlder pads

(a)

Figure 5.7 Schematic overview of all relations contributing to the overall
tolerance build up between LD facet and fibre tip in x and y; (a) side view,
and (b) cross sections A-A' and B-B'
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Figure 5.7 Schematic overview of all relations contributing to the overall

tolerance build up between LD facet and fibre tip in x and y; (a) side view,
and (b) cross sections A-A' and B-B' (continued)

For determining the tolerance stack in x-direction, it was assumed that,
unlike for fiducials, as was shown by Goodrich (2001), the solder pads on
the LD could not be defined in the same lithographic step as the active
region. Therefore, an in-plane mask overlay tolerance of + 0.5 um was
included (a,). The opposite was assumed for the solder pads on the silicon
base part at the bottom of the recess and on the top surface, for mounting
the positioning chip and the LD, respectively (c,). In this case however, due
to the large height difference, a variation of + 1 pm was assumed. For the
positioning chip, back-to-front alignment was required for defining the
V-groove at the front relative to the bond pads at the back (e,), with an
achievable tolerance of = 1 um (EV Group 2008a). V-groove width varia-
tions were only expected to contribute to vertical variations, so not to in-
plane misalignments (f,). The fibre core location could vary as much as
* 1.5 um with respect to its cladding due to core-cladding eccentricity, clad-
ding diameter variations and cladding ellipticity (h,). An overview of all
dimensional variations in x-direction is shown in Table 5.1.

The resulting overall x-direction tolerance build up was + 6.5 pm, and
therefore the travel requirement in x for the fine position functionality at
least 13 pm.

Tolerance in y-direction

For determining the tolerance stack in y-direction, the depth variation of
the recess in the silicon base to accommodate the positioning chip was esti-
mated to be = 1 um, since it required a timed etch over a significant height
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Contributing aspect in x-direction Tolerance
a, Active region LD position variation +0.5 um
by Solder self-alignment LD - silicon base part +1pum
Cy Solder pads silicon base part top surface - recess +1pum
dy Solder self-alignment silicon base part - positioning chip +1pum
ey Positioning chip back-to-front alignment +1um
f V-groove position variation (not applicable) -
Ix Fibre attachment variation +0.5 um
hy Fibre core variation +1.5um
Overall x-direction tolerance #6.5 pm

Table 5.1 Dimensional tolerance build up from LD facet to fibre core in x-direction
(the parameters in the first column refer to the same parameters in Figure 5.7)

(¢)). The out-of-plane misalignment due to V-groove height variation was
also estimated to be = 1 pm (f,). An overview of all estimated dimensional
variations contributing to the overall tolerance stack in the y-direction is

listed in Table 5.2.

Contributing aspect in y-direction Tolerance
a, Active region LD height variation (mounted active side down) +0.5 um
b, Solder thickness variation LD - silicon base part +1pum
Ccy Recess silicon base part depth variation +1um
dy, Solder thickness variation silicon base part - positioning chip +1pum
ey Positioning chip thickness variation +2pum
f, V-groove height variation +1pum
gy Fibre attachment variation +0.5 uym
h,, Fibre core variation + 1.5 uym

Overall y-direction tolerance +8.5 pm

Table 5.2 Dimensional tolerance build up from LD facet to fibre core in y-direction
(the parameters in the first column refer to the same parameters in Figure 5.7)
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The resulting estimated overall y-direction tolerance build up was 8.5 pm.
As a consequence, the travel requirement in y for the fine position function-
ality was at least 17 um, equal to the total distance between the outer toler-
ance bounds.

Combined, the required fine positioning ranges in x and y, including 0.5 um
margins, were set to 13.5 um and 17.5 pm, respectively. These values were
used as improved requirements for the continued development of the MST-
based fine positioning functionality, which is discussed in the next chapter.

Rotation 6, (pitch)

The allowed rotational tolerances around x and y were £ 1.5°, significantly
smaller than around the z-axis, and therefore all contributing aspects to the
overall rotational misalignment were carefully considered. The fibre was
assumed as a single-side clamped beam with a cantilever length of 2000-
3000 pm. With an estimated tip correction by the product-internal actua-
tors of 15 pm in x and y, parasitic fibre tip rotations around the y- and x-axis
on the order of 0.4-0.6° are induced, which were also taken into account in
calculating the rotational tolerances in 6, and 6,. For a worst case estima-
tion these were assumed to act in a single direction only.

Wafers are fabricated very accurately and their top and bottom surfaces are
highly parallel. For example, typical total thickness variations (TTV) of
100 mm single side polished silicon wafers are below 10 um (Silicon Valley
Microelectronics 2008). Therefore, wedge angles due to chip thickness var-
iations are negligibly small. The recess in the base part for the positioning
chip could have some depth variation, but this was not expected to be more
than perhaps one micron over a chip length of several mm, so this was also
considered negligible. The same was concluded for the solder thickness var-
iation below the positioning chip. However, in the case of the LD this had
much more effect due to its smaller in-plane dimensions. For an estimated
maximum solder thickness variation of 0.5 pm and a laser length of 300 um,
the angle variation was calculated to be % 0.1° resulting in a combined
worst case estimation of the tolerance in 6, from -0.7° to +0.1°, or vice versa,
depending on the direction of actuation. The maximum allowed angle of
+ 1.5° was not exceeded.

Rotation 6, (yaw)

For in-plane rotations (Qy), the main contributions were also the parasitic
fibre tip rotation and the rotational LD misalignment. In this case the LD
misalignment was at maximum * 0.4°, because the solder bump misalign-
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ment could reach up to 1 pm. With angles in ¢, from -1.0° to +0.4°, again
the maximum angular tolerance was not exceeded.

Rotation 6, (roll)

The allowed angular rotation in 6, direction was infinite for circular and
rotation symmetric fibres and + 10° for non-rotational symmetric fibres.
Fibre rotation in this direction could not be constrained by alignment fea-
tures, but achieving this rotational accuracy using assembly equipment
could quite easily be accomplished, and chip rotations as a result of varia-
tions in solder thickness could be neglected.

Discussion

In this chapter, methods have been presented to reduce the required initial
placement accuracy for the assembly equipment, while still being able to
achieve sufficiently accurate coarse positioning of the components to ena-
ble fine positioning with acceptably small positioning ranges. These meth-
ods rely on obtaining the required positioning accuracy from accurate
MST-based alignment features in the parts to be mated that may be fabri-
cated at relatively low cost, since MST is also planned for creating the prod-
uct-internal assembly functionality.

Using this approach, a design was proposed for the coarse assembly proce-
dure for the components in the optical chain from laser diode to optical
fibre in the selected laser diode configuration. In this proposed coarse
assembly design, it was possible to relax the initial coarse placement
requirements in all necessary directions, except for the z-direction. In this
the optical fibre could not be constrained at sufficient accuracy without
risking to damage its tip or the LD facet. Therefore, in this direction still a
relatively accurate positioning step was required, supported by visual feed-
back.

As can be understood, the preliminary decision to assume two discrete sili-
con components in the mechanical link between laser diode and optical
fibre had significant influence on the overall tolerance build up, and indi-
rectly also on the required actuation range for the fine positioning function-
ality. For reference, in Table 5.3 and Table 5.4 the reduced tolerance build
ups in x and y are respectively shown in case the silicon base part and the
positioning chip could be integrated into a single component.
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Contributing aspect in x-direction Tolerance
Solder self-alignment LD - positioning chip +1pum
Fibre attachment variation +0.5um
Fibre core variation + 1.5 um
Reduced overall x-direction tolerance *3 pum
Calculated minimum x-direction fine positioning travel 6.5 ym

Table 5.3 Reduced dimensional tolerance build up in x-direction, based on
integration of the silicon base part and the positioning chip into a single
component

Contributing aspect in y-direction Tolerance

Height variation active region LD (mounted active side down) + 0.5 um

Solder thickness variation LD - positioning chip +1pum
V-groove height variation +1Tpum
Fibre attachment variation +0.5um
Fibre core variation +1.5um
Reduced overall y-direction tolerance 4.5 pm
Calculated minimum y-direction fine positioning travel 9.5 pym

Table 5.4 Reduced dimensional tolerance build up in y-direction, based on
integration of the silicon base part and the positioning chip into a single
component

As can be seen, if this would be possible, a significant reduction of the
required fine positioning range could be achieved, from 13.5 x 17.5 um to
6.5 X 9.5 um, which is almost half the travel. This would be very advanta-
geous, since this would allow a considerably reduced chip size, and conse-
quently significantly reduced manufacturing cost, which is strongly related
to chip area. However, without additional information regarding the exact
fabrication steps for the fine positioning functionality, assessing whether
integration of the silicon base part and the positioning chip into a single
component could be achieved was not possible. Therefore, the previously
defined fine positioning range of 13.5 X 17.5 um in x and y is used as input
for the continued development of the MST-based 2-D fibre positioning
concept, discussed in the next chapter.
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6.1

MST-based 2-D fibre positioning
concept

In this chapter, the design, fabrication and testing of the MST-based func-
tionality for positioning the fibre tip in the two directions perpendicular to
the fibre's optical axis are presented. Design choices made and insights
obtained in the previous two chapters were employed as basis for the devel-
opment, i.e.:

+ the use of thermal actuation (Chapter 4);

 improved requirements on the positioning range (13.5 X 17.5 um,
Chapter 5).

The conceptual design of the developed thermal 2-D fibre positioning func-
tionality is presented in Section 6.1, and the fabrication and test results are
subsequently discussed in Sections 6.2 and 6.3, respectively.

Design 2-D fibre tip positioning concept’

In this section, first the principle layout of the developed 2-D fibre position-
ing concept is explained, followed by a discussion of the detailed layout.

1 With some alterations, Sections 6.1 until 6.3 have previously been published in

Henneken et al. (2008) in the Journal of Microelectromechanical Systems.
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Principle layout

As starting point for the design of the 2-D fibre fine positioning concept, the
requirements listed at the end of Chapter 3 were taken, except for the
required displacement range, which was extended to 13.5 um X 17.5 um in
x and y, based on the coarse assembly tolerance stacks determined in Chap-
ter 5. Schematically, the starting point for design of the 2-D fibre tip posi-
tioning concept is shown in Figure 6.1.

¢——— Chip border Positioning chip area Fixed V-groove \B )
Laser diode / <| Optical fibre
optical chip
\ g 7
Overhang 1250 pm - Cantilever length 2-3 mm _

Actuator contact point

Figure 6.1 Schematic top view of the positioning chip area near the fibre
tip including the main boundary conditions for development of the on-chip
2-D fibre positioning functionality

In Chapter 5 it was decided that the fibre would be placed in-plane with the
positioning chip in a fixed anisotropically etched V-groove, to facilitate the
fibre placement and to achieve a small tolerance build up, so that the fine
positioning ranges could be kept acceptably small. In addition, it was
decided that for optimal component placement flexibility in front of the
fibre tip, the chip would have a straight edge perpendicular to the fibre axis,
as close as possible to the fibre tip.

In order to limit the chip size, the distance between fixed fibre groove and
tip location being deflected was chosen to be around 2-3 mm, which also
resulted in acceptable fibre displacement forces and rotations, as discussed
in Subsection 3.3.4. Furthermore, it was verified that the overhang from the
fibre support location to the fibre tip can be at least 1250 um', leaving more
than 1 mm distance from the chip border for the internal positioning func-
tionality to act on the fibre tip.

A schematic cross section of the developed 2-D fibre positioning concept is
shown in Figure 6.2.

Independently controllable positioning mechanisms Ideally, to mini-
mize uncertainties in positioning behaviour, friction is avoided, both inter-
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1 The first resonance peak at this length is above 10 kHz, which is well above frequen-

cies from common environmental noise sources, which generally lie in the range of 1 to
a few hundred Hz, and therefore it is expected that the fibre can be treated as a rigid
body that 'follows' external vibrations from environmental disturbances.
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Optical fibre  passive wedge structure
Thermal actuator on fibre mechanism

Si

— :movement directions

Figure 6.2 Schematic cross-sectional view of the 2-D fibre positioning
concept

nally and also between components. This can be achieved by integrating all
degrees of freedom into the positioning chip, and by permanently fixing the
fibre to the positioning chip, as well as the positioning chip to its surround-
ings. This implies that inside the positioning chip a structure should be cre-
ated, having sufficient load-carrying capacity to carry the fibre, and capable
to independently control in- and out-of-plane motions for positioning the
fibre. In practice, realizing such a support structure in a silicon chip using
MST-based fabrication is highly challenging. Therefore it was decided to
create two individually controllable actuation mechanisms, each capable of
independently deflecting the fibre, and to allow limited sliding between
fibre and these positioning elements. The fact that an optical fibre is a long,
flexible part is very beneficial for this approach, since it may still be perma-
nently fixed at some distance from its end, while allowing relatively simple
actuators including sliding contacts for tip positioning. Any possible conse-
quences of these sliding contacts naturally required investigation at an early
stage.

Conversion of in-plane thermal actuation to xy fibre motions For the
fibre positioning concept, it was decided to use in-plane thermal actuators
in combination with a mechanism for converting the in-plane actuator
motions into xy fibre tip movements, so in- and out-of-plane relative to the
chip surface. Technically, the required in- and out-of-plane positioning
could be achieved by a combination of in-plane and out-of-plane actuators
integrated in the same chip. As shown in Chapter 4, significant processing
complexity is involved in combining in-plane thermal actuators with out-
of-plane moving thermal bimorph actuators with sufficiently thick layers
for fibre displacement. As also indicated in Chapter 4, no examples are
known of the opposite option, using out-of-plane actuators with a mecha-
nism for conversion to in-plane motion. In addition, it is considered signif-
icantly more difficult to implement, and was therefore not selected.

Decoupling actuator and fibre support The simplest way to achieve out-
of-plane motion conversion is by means of sliding along a wedge. By hori-
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zontally sliding a wedge under a part, and by simultaneously obstructing its
lateral motion, the fibre is lifted up. By placing two wedges opposite each
other, and by individually moving them in- or outwards, the fibre can be
moved both horizontally and vertically. This approach was used in our con-
cept, with the wedges formed by the <111> planes in the silicon wafer,
which are manufactured using anisotropic wet etching. Using these wedges,
it is possible to convert the in-plane thermal actuator motions into both in-
plane and out-of-plane fibre tip motions, as can be seen in Figure 6.2. The
wedges were fabricated on separate fibre support structures, called the fibre
mechanisms, so that after positioning these fibre mechanisms could be held
in place with a relatively low force, and the actuators could return to their
initial position without obstruction. This is preferred to constraining the
actuators as well, which possess relatively high in-plane stiffness.

Detailed layout

Of the two most common in-plane thermal actuator topologies discussed in
Chapter 4, the V-beam design was selected. The only disadvantage for
V-beam actuators is their requirement to be anchored at both ends, with the
end effecter in the middle. Consequently, if the V-beam size is too large, it
cannot act directly on the fibre tip close enough to the chip border to avoid
the fibre overhang being significantly larger than 1250 pm. Therefore, it was
expected that a transmission mechanism was required between actuator
and fibre actuation point. However, this aspect, and also the potential
placement of the fine fixation functionality, was not yet considered for the
basic 2-D fibre positioning concept, which was primarily intended for eval-
uating manufacturing and functionality uncertainties. Extension of this
concept, taking into account these aspects, was performed in the subse-
quent step, which is discussed in Chapter 7.

The top view of the basic 2-D fibre positioning concept is shown in Figure
6.3. Finite element modelling was performed to determine the device
dimensions and to predict its performance, see also Section 7.5. The basic
design consisted of two thermal V-beam actuators with a length L of
4200 pm, thickness t of 45 pm and an initial angle of 0.03 radians. To pre-
vent unwanted asymmetric buckling, the V-beam slenderness #/L was kept
below 1/100, according to Wittwer et al. (2006). The slender beams of the
fibre mechanisms were 2000 pm long and 25 pm wide.

The fixed V-groove for coarse placement of the fibre was located on a lower
level in the wafer than the wedges on the fibre mechanisms in order to pro-
duce a well-defined pretension on these wedges by the fibre. This configu-
ration allowed easy coarse assembly by simply placing the fibre into the
fixed V-groove, thereby pushing the fibre mechanisms sideways by sliding
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Slender beams

Thermal V-beam actuators L Passive wedge structures
i

Figure 6.3

Top view 2-D fibre positioning device

along the wedges, see Figure 6.4. The height difference between fixed
V-groove and movable wedges on the fibre mechanism was chosen such
that the 10 pm wide fabrication gap between the actuator tip and the fibre
mechanism was just closed, preventing that part of the actuation range
could not be used for positioning.
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Figure 6.4 Sideways motion of passive wedge structures due to fibre
loading (sizes and deformations not to scale)

Once the fibre was pressed onto the mechanisms the positioning could then
take place. Theoretically, the window in which the fibre can be positioned
is diamond shaped, as shown in Figure 6.5. By independently controlling
the voltage levels on the thermal actuators, lateral and vertical motions in
the plane orthogonal to the fibre axis could be performed. This allows the
fibre tip to be positioned in front of the LD, which was designed to rest in
the centre of the alignment area.
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Figure 6.5 Schematic representation of the diamond-shaped positioning
window with the three outer actuation positions A-C (dimensions in pm,
positioning window not to scale)

The tolerance build up of the coarse assembly process required the dia-
mond-shaped window to enclose a positioning rectangle of 13.5 um wide
and 17.5 pm high, as determined in Chapter 5. Therefore, the size of the
enclosing diamond shape based on the 54.73° angle of the <111> plane with
the horizontal plane was 27 pm wide and 39 um high. Consequently, a sin-
gle actuator needed to move the fibre tip approximately 27 pm while deliv-
ering sufficient force to position the fibre. Following from the mechanical
gain in deflection due to the overhanging part of the fibre, the actual actu-
ator stroke needed to be smaller; approximately 14 um for a 1250 pm over-
hang (Sassen 2007, p. 52). A maximum force of around 10 mN was required
based on calculations made on a bent fibre and on assuming a worst case
friction coefficient between mechanism and fibre of 0.4 (Deng and Ko
1992). Using this concept, the maximum parasitic fibre bending was
approximately 1°, which was acceptable since it introduced negligible addi-
tional coupling loss. The reader is referred to Sassen (2007) and Van der
Burgh (2007) for more elaborate engineering calculations.

Fabrication 2-D positioning functionality

The in- and out-of-plane positioning of the optical fibre required large
forces and a robust design of the structures, even more than for the 1-D in-
plane thermal actuators shown in Chapter 4. For this reason, the mechani-
cal structures were again etched by DRIE inside thick membranes created
by anisotropic KOH etching from the backside of a standard 525 um thick
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silicon wafer. To increase the robustness, the membrane thickness was
enlarged from nominally 120 pm to 150 pm.

Heating of the thermal actuators again took place by current flow through
a thin polysilicon layer on top of the bulk material. The V-grooves on the
front side of the wafer were also created using anisotropic wet etching in
KOH.

A schematic overview of the process sequence used to fabricate these novel
devices is presented in Figure 6.6. A more detailed process flow description
is presented in Appendix A.3.

1. Thermal oxidation -
and SiN deposition 6. KOH definition
backside

resist scratch protection

- - S— oxide mask

2. Etching poly-

silicon elements
8. Backside KOH

3. KOH etching
front side
etching
E e HE 2] Je—
4. Dry etching
contact openings ﬂ B Eﬂ
9. Silicon DRIE
5. Dry etching Al
interconnects

Figure 6.6 Fabrication sequence of the process run including in-plane actuation
structures and KOH-etched <111> planes for fibre tip out-of-plane motion conversion

7. DRIE definition
front side

On the silicon substrate, a 300 nm thick oxide layer was thermally grown,
followed by a 300 nm thick low stress SiN layer deposited by LPCVD (1). A
500 nm thick low stress polysilicon layer was then deposited by LPCVD.
This layer was doped with phosphorous in a diffusion process and pat-
terned using a resist mask and a dry etching step (2).

Next, the V-grooves were created in the front side of the wafer (3). A second
layer of SiN was deposited and patterned. The silicon was etched in a 33wt%
KOH solution to form the 100 pm deep V-grooves. At this point the contact
openings to the polysilicon and the Al metallization were realized. For these
two lithography steps, the resist was spray coated to uniformly cover the
planar surface as well as the V-grooves side walls and bottom (Pham et al.
2004).
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Following, the membranes were defined on the backside of the wafer (6) as
well as the DRIE structures on the front side of the wafer (7). For the mask-
ing layer in the DRIE process a 3.0 um thick PECVD oxide layer was used.
At this point, the wafer presented a high topography surface and the fine
structures needed to be patterned at different depths. To achieve this, a
newly developed spray coater, EVG 101, at the EV Group in Austria was
used (EV Group 2008b). Moreover, the structures were divided in two
DRIE masks. The first mask contained only the DRIE openings inside the
KOH cavities. Extra time was necessary to expose the resist in the deep cav-
ities. This extra exposure time would alter the dimensions of the small
structures present on the planar part of the wafer. A second DRIE mask that
contains all DRIE structures was then applied, followed by development
and pattern transfer into the oxide and nitride layers by plasma etching
(stopped on the silicon).

Before the dry etching step, the membranes were etched from the backside
using a KOH etching process until a 150 pm thick silicon membrane
remained (8). A 500 nm aluminium stop layer for the DRIE process was
then deposited on the backside of the wafer. In the final step, the scratch
protection was removed and the DRIE step was executed. Finally, the alu-
minium stop layer on the backside and the oxide layer on the front side were
removed (9). After dicing and wire bonding, the devices were ready to be
tested.

The integration of the wet etching process with the partially overlapping dry
etching process to realize the movable fibre wedges introduced some com-
plexities. After the DRIE step, a thin silicon frame was left at the edges of the
KOH mask openings (see Figure 6.7). This was probably due to a small
under etch during the KOH step that caused an unintentional protection of
the edge of the pattern during the DRIE process. This frame was mechani-
cally removed from the devices resulting in the fully released structures pre-
sented in Figure 6.8. With some minor adaptations of the KOH etching
process and a modification of the layout the under etch can be reduced and
this problem can be avoided in future fabrication. Additional fabrication
results are shown in Appendix E.

The surfaces of the movable wedges were very smooth in appearance. The
darker areas at the bottom of the wedges indicated some aluminium resi-
dues. This was only a very thin layer on the <111> plane and it did not have
a noticeable influence on the fibre positioning.
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Figure 6.7 SEM detail image (45° tilt) of fibre mechanisms before the
backside processing. The remaining vertical frame is clearly visible.

Figure 6.8 SEM close up of <111> plane wedges after full release and with
frame removed

Experiments

Although the functionality was intended for fibre-to-laser alignment, in the
experiments a fibre-to-fibre arrangement was used for convenience. Simi-
larly, single mode fibre with a core of 4.3 pm was used because visible red
light with a wavelength of 635 nm was easier to handle during the experi-
ments than standard telecommunication fibre having a core of 8 pm to be
operated at a wavelength of 1550 nm.

A schematic of the fibre-to-fibre alignment test setup used to measure the
size of the actual positioning window is shown in Figure 6.9. In this setup,
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two fibre ends were placed opposite to each other and light was coupled
from one fibre to the other, continuously measuring the coupled power.
One fibre was placed on the positioning chip and the other on a computer
controlled Thorlabs xyz positioning stage having 5 nm positioning resolu-
tion in x and y (see Figure 6.10). The x-y fibre tip movement was deter-
mined indirectly by successively moving the fibre by the actuators on the
positioning chip and aligning the computer controlled positioning stage
until maximum optical power was regained, while each time recording the
displacement of the positioning stage. Using this method, measurements of
the x-y positioning window of the fabricated 2-D fibre positioning concept
and of its achievable positioning resolution were performed.

Photo detector

Power meter [b‘—

I

Bare fibre ends

Positioning chip

Q

Q@

PCB —

PCB holder/
mount

XYZ stage

LabVIEW

control

]

635 nm
integrated
laser source

Optical fibre

Figure 6.9 Schematic representation of the computer controlled fibre-to-
fibre alignment test setup

Figure 6.10 Fibre alignment setup including Thorlabs S1FC635 fibre
coupled laser source and PM120 handheld power meter connected to

sensor (not shown)
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During the measurements, different fibre overhang lengths were used when
measuring the size of the positioning window of the device. Increasing the
overhang length significantly enlarged the size of the positioning window
because of the angular pivot with the fixed V-groove. The positioning win-
dow measurements are presented in Figure 6.11(a) and Figure 6.11(Db).
These measurements were performed with approximately 1000 pm fibre
overhang.
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Figure 6.11 Positioning measurements with 1000 um fibre overhang: (a) measured
2-D positioning window; (b) upward and downward fibre motion to show hysteresis
due to friction between fibre and <111> plane wedges

The results in Figure 6.11(a) show, as expected, a diamond shaped window
in which the fibre tip can be positioned. The positioning window is slightly
tilted by 1.5°, which can be attributed to a rotational misalignment of the
positioning chip along the axis of the fibre in the experimental setup. The
left and right lines each show two separate actuator movement sequences.
An increasing voltage across the right actuator (see Figure 6.5) results in a
displacement from O to A in Figure 6.11(a). Then, holding the right actua-
tor at a constant voltage and applying an increasing voltage across the left
actuator results in a displacement from A to C. This completed the trace of
the left side boundary of the diamond-shaped positioning window from the
bottom vertex (O) to the top vertex (C). By moving both actuators sequen-
tially after each other, the final position of the fibre was approximately
43 um vertically above the starting position. The right side boundary was
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obtained by resetting the actuators to 0 V and then reversing the actuator
order. This resulted in the traces from O to B, and then, from B to C. The
middle line in Figure 6.11(a) shows the fibre motion when an equal voltage
is applied to both actuators at the same time. All three lines ended at the
same nominal position. The maximum applied voltage to each separate
actuator was 36.5 V, which resulted in a 27 pm wide and 43 um high posi-
tioning window with sides having directions in agreement with the etched
<111> planes.

The friction between the fibre end and the <111> plane was expected to
cause hysteresis and a stick-slip effect. A hysteresis measurement was per-
formed which is presented in Figure 6.11(b). The first sequence consisted of
an upward motion of the fibre with an increasing voltage applied first to the
right actuator and then to the left actuator. In the second sequence, the
actuator voltages were decreased in reverse order. The results indicate that
the hysteresis had a minimal effect in positioning the fibre tip with this
device.

To measure the effects of stick-slip, the left actuator was held constant at a
voltage of 33.5 V and the right actuator was displaced from 33.5 to 36.5 V
using a linear step of 50 mV, which was the minimal stable voltage output
of the test setup. At these high voltages, the output sensitivity of the actuator
was the highest, resulting in the worst attainable displacement resolution.
Figure 6.12 shows the measured x-y displacement plot with the same
1000 um fibre overhang, and because there are no large jumps between suc-
cessive data points, it is assumed that the stick-slip had little effect on the
displacement of the actuator. The x-direction was also the direction of actu-
ation, therefore, this was used as the reference direction in the measurement
to determine the linearity of the y data. For comparison, the silicon <111>
lattice plane, which would be an ideal reference, has a slope of 1.41 (the
square root of 2). The measured slope of y with respect to x was 1.32.
Although there was a difference between the ideal slope and the measured
value, this could be attributed to rotational misalignment shown in Figure
6.11(a) and not to stick-slip.

Using a linear least squares approximation, the difference from this and the
measured value was less than + 0.1 um. However, the difference appeared
to have a non-linear component in the signal. Because the data did not
show significant effects of stick-slip, the source of this non-linearity may
have been due to the non-linear displacement characteristics of the actua-
tor, examples of which were already shown in Chapter 4. However, the dif-
ference from ideal and the stick-slip effects were less than the target values
and therefore this was not investigated further.
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Figure 6.12 Measured x-y displacement upon actuator voltage steps of
50 mV from 33.5t0 36.5V

Discussion

The measurements confirmed that the presented concept for 2-D fibre
positioning using <111> plane wedges successfully meets the positioning
requirements for the selected fibre coupling case. The results showed fibre
tip displacements in a diamond shaped positioning window of over 25 pm
in-plane and more than 40 pm in the out-of-plane direction with only a
small visible hysteresis effect. Positioning resolutions smaller than 0.1 um
were measured, and correcting for non-linearity in the actuator may lead to
a significant further improvement in displacement resolution.

In order to prevent the remaining frame shown in Figure 6.7, the combina-
tion of wet and dry anisotropic etching should be optimized which is
expected to be achievable with minor modifications.

Recently, a similar 2-D fibre tip positioning concept as was developed in our
project was shown by Morgan et al. (2007). Their device also uses wedges to
convert in-plane motions from two opposing linear actuators to in- and
out-of-plane fibre tip motions, see Figure 6.13. However, their wedges are
fabricated using grayscale lithography, which is a rather new technology for
creating 3-D silicon structures, currently lacking surface smoothness due to
the limited resolution of the lithography mask. SEM inspection resulted in
an estimated roughness of 1-3 pm over the majority of the slope, leading to
positioning resolutions not much better than 1.25 pm over a 20-by-20-pm
actuation area. Significant hysteresis of around 4 um was also observed, as
well as stick-slip for small step sizes, attributed to static friction between the
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wedges and fibre. To 'unstick' the fibre, and to reduce hysteresis effects,
after each actuation step a 100-ms pulse of (0 V, 0 V) had to be included.

Comb-drive

Actuator \

Optical Eiber

(a) (b)

Figure 6.13 SEM images of grayscale fibre aligner (a) before and (b) after
fibre attachment (Morgan et al. 2007)

Electrostatic comb-drive actuators were used, only capable of exerting low
forces in the range of 100 uN at 100-150 V. Therefore a large fibre cantilever
length of approximately 10 mm was needed, resulting in relatively large
dimensions. Since the fibre attachment process was entirely manual, it was
difficult to consistently ensure that the fibre touched both wedges in its rest
state. Finally, fixation of the fibre tip after fine positioning was not incorpo-
rated, although plans for including mechanical functionality for locking the
wedges after positioning were announced.

Summarizing, the 2-D fibre positioning concept presented in this chapter
has significant advantages over the concept by Morgan et al.:

+ Dbetter defined fibre placement, and easier fibre fixation inside V-
groove;

« smoother wedge surfaces, resulting in better positioning resolutions,
and lower hysteresis and stick-slip;

+ thermal actuation, capable of exerting larger forces, allowing for a
smaller device area.

In addition, fixation of the fibre in its final position is included, which is
topic of the next chapter.



71

Fine fixation and integration with
positioning functionality

In this chapter, the selection and design, as well as the fabrication and test-
ing results of the functionality for fine fixation of the fibre tip are presented.
Mechanical clamping is selected as fine fixation method. To allow integra-
tion of the clamping functionality into the positioning chip, adaptations
were made to the 2-D positioning concept presented in the previous chap-
ter. Their joint performance was verified both experimentally and by ther-
mal modelling.

In Section 7.1, the most promising fixation methods for application in a
PIAF approach are discussed, after which mechanical clamping is selected
for fixation of the fibre in Section 7.2. Next, the design of the mechanical
clamping functionality and adaptations made to the positioning function-
ality are presented in Section 7.3, followed by a discussion of their fabrica-
tion and test results in Section 7.4. Thermal modelling was performed to
assess the temperature profiles and heat flow inside the structures, which is
briefly discussed in Section 7.5. Following, the beneficial consequences of
the chosen positioning and clamping embodiment for the coarse assembly
process are presented in Section 7.6.

General methods for fine part fixation

In Figure 7.1, an overview is presented of the main fixation methods that
may be applied on the micro scale. See Van Brussel et al. (2000) and Cohn
et al. (1998) for additional information on these fixation methods for
micro-assembly.
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Micro-fixation

methods
. R " Mechanical Silicon related
Soldering Adhesive joining Laser welding . )
fastening bonding

b ion7.1.1 Sub. ion7.1.2 Miniature screws - Anodic bonding
Snap-fits - Fusion bonding
Mating parts
Clamping;
Subsection7.1.3

Figure 7.1 Overview of methods applicable for fixation on the micro scale

Only part of these methods is practically applicable for fixation in a PIAF
approach. Most important for this purpose is the ability to fix a micro-com-
ponent at an initially unknown position within the fine positioning range at
sub-um accuracy and high long-term stability in the most critical directions
during the device's economic life. Furthermore, the methods should be suf-
ficiently fast and require no or limited, simple preparatory steps, have lim-
ited space requirements, low complexity and practical assembly conditions,
so that they may be applied at moderate cost.

Laser welding, although very popular for fibre attachment based on its sub-
pum accuracy, speed and long-term joint reliability, is not considered a
promising method in combination with MST-based internal part position-
ing due to its difficult controllability and the relatively large deformations
produced by individual shots, resulting in loss of position accuracy. More-
over, laser welding requires metal structures, which are not easily combined
with the silicon components of the fine positioning functionality.

In addition, many mechanical fastener types found in literature, such as
miniature screws, micro-Velcro (Han et al. 1992), snap-fits (Prasad et al.
1995, Yeh et al. 1996), microrivets (Shivkumar and Kim 1997), press fits,
and mating parts (Gonzalez et al. 1998) are also not suitable because they
cannot be used for achieving sub-um attachments at varying positions.

Finally, silicon-related bonding techniques cannot be applied since they
typically require high temperatures and high electric potentials and/or high
bonding pressures for extended durations, rendering these methods highly
impractical for use in a PIAF procedure.

The remaining fine fixation methods that are considered most promising
for use in combination with product-internal assembly functions are solder-
ing and adhesive bonding - also discussed in the previous chapter for use as
coarse fixation methods - and mechanical clamping, which is not commonly
applied, but nevertheless considered attractive for fine fixation. These three
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fine fixation methods are briefly discussed in the following three subsec-
tions, respectively.

Soldering

Soldering for the purpose of accurate die attachment was already quite
extensively discussed in Chapter 5. There it was noticed that achieving
repeatable sub-pm accuracy bonds by using soldering is very challenging,
particularly in the direction of the gap height. Solder solidifies at elevated
temperatures, and shrinks upon cooling. Additionally, most solder materi-
als suffer from creep, possibly resulting in increased deformation with time,
and solder joints may fail due to delamination and crack formation from
internal stresses. Nevertheless, typically reliable, strong joints with relatively
high long-term stability can be achieved, with potential applicability for
sub-pm accuracies. Especially if the joint is oriented such that the highest
deformations act in the least critical directions, i.e. with the solder height
orthogonal to the fine positioned directions, accurate positioning can be
achieved.

The solder process itself can be relatively fast, in the order of seconds to tens
of seconds, and the joint fairly compact, depending on the desired bond
strength. Optionally, rework can be performed to increase yield, although
this is limited as the solder joint integrity may degrade upon repeated
reflow.

Melting the solder may be realized by contact heating, localized/on-chip
electrical resistance heating (Witham et al. 2000, Datta et al. 2003), or laser-
assisted reflow (e.g. Flanagan et al. 2003). Care should be taken to minimize
adverse effects due to increased temperatures in the region surrounding the
solder joint.

An aspect limiting the application of solder on a silicon substrate mainly to
out-of-plane orientations with respect to its surface is the fact that selective
metallisation for solder wetting must be realized by means of lithography.
This would suggest that the highest accuracy may be expected in directions
parallel to the wafer plane. However, as shown for example by Flanagan et
al. (2003), by proper joint design, sub-pm out-of-plane accuracies may also
be achieved. They used laser assisted reflow to attach metallised fibres to flat
substrates and attained a maximum lateral misalignment of & 0.2 um. Over
60% of the attachments succeeded within the first reflow to achieve 95%
retained power, and the total yield using up to 10 reflows was 98%, with an
average cycle time of less than 5 minutes. Fibre displacements were less than
0.3 um through Telcordia GR-468-CORE compliant mechanical shock,
vibration, high temperature storage, and temperature cycle testing.
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Adhesive bonding

The method which intuitively seems most attractive for fine fixation of
miniature parts in variable positions is by applying adhesive, due to its flex-
ibility in use and its capability to fill gaps of various geometries. A wide
range of dissimilar materials can be bonded, without the need for additional
parts, and it is typically an economic process requiring low equipment
investment. Indeed, adhesives are increasingly used in applications requir-
ing high accuracy bonds with high long-term stability.

Unfortunately, adhesives do have some drawbacks for use in this type of
applications. Generally adhesives shrink upon curing, have relatively high
thermal expansion coefficients compared to most engineering materials,
and exhibit creep and aging, affecting long-term stability of the bond. Typ-
ically, using adhesive bonding, lower stability is achieved than with solder.

As for soldering, by proper joint design, the effects of adhesive deforma-
tions on the part position can be reduced, as well as the build up of internal
stress that could cause delamination and crack formation inside the bond.
Again, the highest accuracy in a given direction is obtained by letting the
adhesive joints act in the plane normal to this direction. Generally the part
position and internal stress levels are better controlled by accurately apply-
ing a number of small adhesive dots at specific locations rather than filling
the entire gap between the parts to be joined with adhesive.! An extensive
discussion of different configurations for accurate part fixation by means of
adhesives is beyond the scope of this thesis. A comparison of common con-
structions for obtaining accurate adhesive bonds can be found in Vereni-
ging FME-CWM (1999).

In literature on micro-assembly, generally little attention is paid to the joint
design in order to reduce adhesive related misalignments. For example for
fibre fixation in published PIAF approaches, mostly the fibre tip is simply
surrounded by adhesive, and the adhesive is cured after fine positioning. In
most cases, the position shift after curing is not specifically stated, see e.g.
Kikuya et al. (1993), Unamuno et al. (2005), and Luetzelschwab et al.
(2005).

In Lin et al. (2006), a fibre array and a micro-lens array were actively
aligned, and subsequently adhesive was applied to a glass plate, which was
attached to both fibre and microlens array, and then cured. Although the
adhesive was applied in one of the critical tolerance directions, part of the
position shift was compensated, because the adhesive shrinkage in both
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joints acted in the same direction. Since the adhesive areas were rather large,
the layers had to be at least 75 um to prevent delamination or cracking. The
smallest achieved relative alignment shift at this thickness was calculated to
be 0.6 pm.

UV curing adhesives

For application as fine fixation method in the PIAF approach, adhesives
that can be cured by exposure to UV light are the most suitable ones. Unlike
most other curing mechanisms, the start of the curing process can be exactly
controlled - so-called cure on demand - and curing generally takes a rela-
tively short time (in the order of a few to a few tens of seconds), allowing for
fairly short cycle times. Moreover, UV curing usually can be performed at
room temperature, minimizing thermal shrinkage.!

UV penetration in relatively thin adhesive layers up to a few hundred
micron is generally not a problem. UV curing adhesive types exist that con-
tinue curing without further exposure, making them suitable for bonds
with shaded areas. Several companies, such as Dymax and Addison Clear
Wave (www.dymax.com; www.addisoncw.com), have developed special
UV adhesives for optical applications, with low curing shrinkage, a low
thermal expansion coefficient (CTE), and low outgassing. These properties
are usually obtained by addition of fillers with low CTE, mostly quartz par-
ticles. Generally, these fillers increase the adhesive viscosity, affecting the
possibility of dosing this type of adhesives in small volumes.

The most flexible methods for applying small quantities of adhesives are
needle dispensing and non-contact jetting. By piston-based contact needle
dispensing, droplet sizes down to approximately 0.2 mm can be deposited
(nanolitre range), whereas using jetting even smaller droplet volumes in the
picolitre range can be achieved, depending on the viscosity. By jet dispens-
ing, droplet volume reproducibility is in the range of one to a few percent,
but adhesive placement accuracies are usually not specified. It is uncertain
whether jetting can be reliably used for angled surfaces, or for applying
adhesives in difficult-to-reach areas, such as narrow gaps. Contact needle
dispensing may be a better solution for these situations, although this may
suffer from variability in the dispensed volume due to enclosure of air bub-
bles within the dosing unit (Dilthey et al. 2001). Gerlach et al. (1999)
showed that in case of sufficient substrate wetting - necessary for good
adhesion of the glue to the substrate - and at moderate adhesive viscosities
of around 1500 mPa-s, adhesives can fill narrow gaps with heights of 4-6 um
by capillary action to depths over 1 mm within only a few seconds. Of

1" UV curing intensities are in the order of 1 to several W/cm?, so a limited tempera-

ture rise of the irradiated region during curing generally does take place.
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course, by proper joint design and careful volume control, penetration into
regions that should be kept free of adhesive must be prevented.

Mechanical clamping

So far, we have seen that using solder or adhesives for fine fixation, it is chal-
lenging to achieve sub-pm accuracy part fixation. A promising alternative
approach is by using mechanical means to clamp the part or its support
structure in the desired position. Since this method relies upon solid
mechanical contact between parts and the stiffness of the clamping struc-
ture, high positioning accuracies may be achieved by employing careful
clamp design. Besides, it provides the additional benefit of simplified releas-
ability, allowing reapplying the clamp during assembly if required. Draw-
backs are the larger space required and uncertain reliability compared to
soldering and adhesive joining. Moreover, it may require considerable
additional design effort as well as might be complex to apply successfully.

The focus is on internally actuated MST-based clamping solutions, since
these are considered most realistic for application in the PIAF concept. Two
main categories of clamp designs are form closure and force closure (also
referred to as friction-based clamping). Generally, if the part motion is
restricted by friction forces, this is called force closure, whereas if the clamp
contact itself is sufficient to maintain the part position disregarding the
applied forces, this is referred to as form closure.

An example of MST-based form-closed clamping - in this case referred to
as latching - is shown by Syms et al. (2004a). In this example, a 1-D transla-
tion stage was demonstrated with thermal V-beam actuation for in-plane
positioning of a 5 mm square table fabricated in the 85 um thick top layer
of an SOI wafer and a rack-and-tooth mechanism for latching the table at
discrete positions, see Figure 7.2.

Figure 7.2 (a) Overall layout of latching translation stage, and (b) detail
image of clamp with teeth (Syms et al. 2004a)
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Unlatching was performed by electrothermal U-beam actuators. The stage
travel was over 100 pm and the latching increments were 10 um, with the
clamp force acting in the positioning direction. The tooth separation was
determined by the ability of the DRIE process to transfer the rack pattern to
the full structural depth, and by the need to maintain clearances during fab-
rication as well as to have sufficiently strong teeth for withstanding the
forces during clamping, limiting the number of positional states that could
be realized. Similar examples with decreased latch increments were also
shown by Syms et al. (2004b, 2004c) and by Unamuno and Uttamchandani
(2006). However, latch increments smaller than 0.5 pm could not be dem-
onstrated. If smaller fixation increments than in the range of 0.5-1 pm are
required, generally friction-based clamping is applied.

Friction-based clamping is typically employed in a direction normal to the
fine positioning directions. As a result, depending on the fine positioning
directions relative to the chip surface, in- or out-of-plane clamping is
desired. In general, it is considered beneficial if the clamping functionality
could be integrated into the same component as used for the fine position-
ing functionality, since this would allow for a significant reduction of
processing cost, and eliminates the need for additional assembly steps.
However, especially realizing a configuration with in-plane part positioning
and out-of-plane clamping in a single chip appears challenging, so most
likely the need for multiple-chip solutions cannot always be avoided.

Examples of MST-based clamping mechanisms using friction-based clamp-
ing are shown by Grade et al. (2005) and Brouwer (2007). The device by
Grade et al. is shown in Figure 7.3.

A = 53 ey
Brake Motor
==l I i

/ ’ - Brake Suspensions:
Figure 7.3 Microscope image of a rotational optical switch including brake
motor and lock motor for powerless clamping (Grade et al. 2005). The

inset shows an expanded view of the lock pin pressing the brake motor
leftward against the rotator.
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A mirror is rotated and subsequently clamped in the desired orientation by
an electrostatic clamp acting perpendicular to the primary rotational mir-
ror movement. The measured clamping accuracy was 0.1 mdeg, which was
0.0025% of the full-scale deflection. At an approximate radius of 3 mm, this
was estimated to be in the order of 5 nm displacement. In both the examples
by Grade et al. and Brouwer a locking mechanism was used to maintain the
clamp force without power consumption.

Powerless clamping

An important requirement for mechanical clamping as fine fixation
method in a PIAF approach is that the clamp force can be maintained with-
out power consumption. In the previous examples, this either required
form closure or additional separate locking actuators, which are both not
very favourable. An alternative approach to achieve powerless clamping is
by creating a normally-closed clamp, and by reversing the clamp operation,
such that that the clamp is released upon actuation, and the clamp is
engaged by powering down the actuator. Creating such a normally-closed
clamp may be achieved by introducing pre-stress into the device, which
could either be performed by pressing individual parts against each other
during assembly, or alternatively by creating the pre-stressed structure
inside the clamping chip itself.

Examples of internal pre-stressed structures by applying thermally-curable
polyimide were shown by Kuribayashi and Fujii (1998) and Baba et al.
(2003). Baba et al. showed a rotational micro-mirror with a holding struc-
ture containing two electrothermal U-beam actuators that was deformed by
a locally applied quantity of polyimide, which after curing caused the
U-beams to push against the sides of the micro-mirror. Releasing of the
micro-mirror could be achieved by heating the U-beam actuators, see Fig-
ure 7.4.

Micro-mirror Holding arm Holding arm

oy

____________________ i M

Y z

(1) Filling polyimide (2) Curing of polyimide (3)Releasing by electric heating

Figure 7.4 Creation of passively deformed U-beam actuators by thermally-curable
polyimide (Baba et al. 2003)

Two other possible methods of achieving pre-stress are by using bistable
mechanisms and by so-called snap fasteners or snap-fit structures, which
are commonly applied in plastics, e.g. for bottle caps. Examples of bistable
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mechanisms are shown by Qiu et al. (2004) and Boyle et al. (2004). Boyle et
al. showed a bistable mechanism for clamping discrete optical components
against fixed mechanical stops, with integrated electrothermal V-beam
actuators for switching the bistable bent beam between the stable locking
and unlocking states. Snap fasteners are for example shown by Prasad et al.
(1995), Beamesderfer et al. (2001), and Dechev et al. (2004). A more com-
prehensive treatment of possible methods of achieving MST-based power-
less mechanical clamping can be found in Van der Burgh (2007).

Selection fine fixation method 2-D fibre
positioning concept

In this section, the selection of the fine fixation method for the 2-D fibre
positioning concept presented in the previous chapter is discussed. Specific
aspects for the selected fibre coupling case are the exceptionally strict posi-
tion requirements, which are + 0.1 um in the fine positioned directions,
perpendicular to the fibre axis, and the large restoring forces of the fibre and
the fibre support structure in the order of several mN. As a consequence,
the stiffness of the part fixation should be considerable. However, none of
the discussed fixation methods are expected to have difficulties achieving
the required stiffness.

The strict accuracy requirements in the fine positioned directions on the
other hand are considered extremely challenging for solder and adhesive
bonding. No examples have been found in literature of solder or adhesive
joints with position shifts below + 0.1 pm in the most critical directions.
Therefore, although mechanical clamping requires significantly more space
and design effort than the other two methods, it was decided to select
mechanical clamping for fixation of the fibre in the selected coupling case.

An additional motive for selecting mechanical clamping in this project was
that it enabled us to investigate the interactions of MST-based fine position-
ing and fine fixation functionality for use in the PIAF concept. Further-
more, a practical consideration was its easy releasability, which is
potentially desirable for industrial yield improvement, but which was also
convenient with regard to testing of demonstrators.

Design mechanical clamping functionality’
In this section, the conceptual and detailed design of the mechanical clamp-

ing functionality suitable for cooperation with the 2-D fibre tip positioning
concept presented in the previous chapter are discussed. The adaptations
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on the basic positioning concept shown in Figure 6.3 required to accommo-
date for the clamping mechanisms and to reduce the fibre overhang are also
discussed.

The 2-D fibre positioning concept was taken as starting point for the design
of the mechanical clamping functionality. The clamping functionality was
integrated with the positioning chip, since this allowed for a reduction of
processing cost, and eliminated the need for additional assembly steps.
Instead of clamping the fibre directly, the clamp force was applied on the
fibre mechanisms, thereby indirectly controlling the fibre position. Since
integrated in-plane clamping is more easily implemented than out-of-plane
clamping, clamping was applied in-plane with the positioning chip, on the
end faces of the fibre mechanisms, perpendicular to their directions of
movement.

Thermal actuation was selected for the clamp, because this facilitates its
integration into the positioning chip, and it is capable of providing large in-
plane forces and displacements at moderate voltage and current levels. In
addition, experience was already gained with thermal actuators for fine
positioning, allowing us to implement thermal actuators for the clamp
functionality with relatively little additional effort.

As was discussed in Subsection 7.1.3, preferably the clamp force is main-
tained without power consumption. However, most shown methods for
achieving powerless clamping are rather complicated or require quite large
chip area. Fortunately, based on the specific characteristics of the position-
ing functionality, yet another method could be used for achieving powerless
clamping, which was selected for its simplicity. It uses the movement of the
fibre mechanism caused by the pretension force of the loaded fibre (around
4 mN, see Sassen (2007)), as shown in Figure 6.4. In this way a clamp tooth
can move beyond a tooth on the fibre mechanism, and can subsequently
lock after fibre positioning. This results in friction-based powerless clamp-
ing of the fibre mechanism at any position within the positioning window.

Clamping the fibre mechanism can be described in the following four steps,
as shown in Figure 7.5. In the position after fabrication, the tooth of the
clamp cannot move beyond the tooth on the fibre mechanism. When the
fibre is loaded, the fibre mechanism moves aside (1) and the clamp is actu-
ated until the tooth passes the tooth of the fibre mechanism (2). The posi-
tioning actuator then moves the fibre to the desired position (3) and the
mechanical clamp is then powered down, thereby engaging the clamp (4).
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Figure 7.5 Four-step clamping sequence using the fibre loading to allow
the clamp tooth to pass the tooth on the fibre mechanism and enable
powerless clamping inside the positioning window

To maintain the clamp teeth in stable contact by friction, a sufficiently large
clamping force should be exerted onto the fibre mechanisms. Because both
the friction coefficients between fibre and fibre mechanism, and between
the DRIE-processed clamping teeth were uncertain, a worst-case clamping
situation was assumed, with a resulting clamping force of approximately
25 mN. As was indicated in Chapter 6, for determining the required force
for the positioning actuators, a worst-case friction coefficient of 0.4
between fibre and <111> wedge surface was taken, resulting in a calculated
actuation force of around 10 mN. However, to hold the fibre in position, a
much smaller force in the order of only 2 mN is required, because in this
situation the friction between fibre and fibre mechanisms actually helps in
keeping the fibre in position. If this friction force would be ignored, the
holding force would increase to approximately 3.5 mN, which would have
to be provided via friction by a clamping force on the fibre mechanism nor-
mal to its positioning direction. Recent studies on friction between DRIE
silicon sidewalls resulted in widely varying static friction coefficients from
0.15-0.35 (Hwang et al. 2006) to 0.9 (Guo et al. 2007). These were all
obtained at much lower normal forces than required for our clamping sit-
uation, and for that reason a worst-case friction coefficient of 0.15 was cho-
sen, resulting in a clamping force of approximately 25 mN.
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Both the structural width of the teeth and the initial fabrication gap between
the teeth were 10 um, combined with a safety margin of 5 um resulting in a
required clamping actuation range of 35 pm.

The clamp functionality was developed separately from the 2-D positioning
functionality including the <111> wedge structures. In the used process for
fabricating the clamp structures, KOH etching on the front side was not
performed and, consequently, only vertical sidewalls could be created in the
wafer. Therefore, only in-plane fibre movements were possible. For this
reason, an in-plane wedge was fabricated on the fibre mechanism (instead
of an out-of-plane wedge) to obtain closing of the fabrication gap between
the fibre mechanism and the positioning actuator tip by pushing of the
fibre.

Figure 7.6 presents one side of the total positioning device on which the
clamping structure, positioning actuator, and fibre mechanism can be rec-
ognized as all in-plane moving structures. For the actual device, this can be
mirrored allowing for 2-D positioning motions. Figure 7.7 presents a
zoomed image of the final design of the tooth of the mechanical clamp and
the tooth in the fibre mechanism.

Fibre mechanism

Figure 7.6 Top view of single side positioning and clamping concept

The positioning mechanism contained a 4000 pm long by 50 pm wide
V-beam actuator which was connected to a lever on a circular flexure hinge
reversing the movement of the actuator, see Figure 7.6. The mechanical
clamp consisted of an angled lever to enlarge the actuator stroke by a factor
of two. It was connected to a 2000 um long triple V-beam stack for a large
clamping stiffness. Cooling fins were included between the lever and the
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Fibre mechanism
with in-plane wedge

Lever on flexure hinge

Figure 7.7 Close up image of fibre mechanism and clamp with in-plane
wedge

actuator to limit the heat flow towards the lever tip, which would otherwise
have caused expansion of the lever during actuation and shrinkage while
powering down, leading to undesired fibre alignment errors. Air gaps of
around 200-300 pm were included on either side of both actuators to
reduce heat transfer to the neighbouring substrate by means of conduction
through air. The fibre mechanism slender beams were reinforced to
increase their out-of-plane and longitudinal in-plane stiffness while keep-
ing a low stiffness in the actuated direction.

The fabrication gap was increased to 13 pm, and the tooth overlap was cho-
sen such that in the least actuated fibre position, at least a 5 um tooth over-
lap was achieved, and that in the centre of the positioning window - the
nominal LD position - the fibre mechanism support beams were exactly
straight. This resulted in minimal bending of the support beams across the
entire positioning range, which was beneficial for minimizing the position
shift upon engagement of the mechanical clamps. A 1-pm clearance was
taken for allowing the teeth to pass each other for initiating the clamp. In
order to enable this 5 pm tooth overlap and 1 pm clearance, the actuation
range of the positioning actuators was increased from 14 pm to 20 pm.

The overall dimensions for the double-sided positioning device, including
mechanical clamps, were approximately 5 x 6 mm, which could easily fit
inside a standard optical fibre package.
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74 Fabrication and test results clamping
functionality

Fabrication of the mechanical clamping concept shown in Figure 7.6 was
performed in nearly the same way as the basic 2-D positioning concept dis-
cussed in Chapter 6. The main difference was that the third step, KOH pat-
terning and etching on the front side, did not take place. SEM images of the
clamping mechanism and part of the positioning structure, and a close-up
of the clamping teeth are shown in Figure 7.8 (see also Appendix E).

1000 2000 pm
_ ]
L | ——
\ :
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| ) \;

(a) (b)

Figure 7.8 The fabricated mechanical clamp and positioning device (a), and (b) close-
up of the tooth mechanism

For determining the in-plane fibre positioning range and the clamp per-
formance, the same measurement setup was used as for measuring the 2-D
positioning window, described in Section 6.2. The measured fibre position-
ing range is shown in Figure 7.9. The displacement was measured for both
a 10 um and 1000 pm overhang. The results indeed show a significant dif-
ference in fibre tip displacement between situations with a small or large
fibre overhang as was indicated before.

The measured fibre positioning range with 1000 um fibre overhang was
26 um at 33 V, just below the required positioning range of 27 pm, which
can be reached by slightly increasing the actuator voltage. The thermal
modelling, presented in the next section, showed that this can be safely
done without overheating the structure.
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Figure 7.9 Measured in-plane fibre displacement with 10 pm and 1000 ym
fibre overhangs

The clamping sequence is shown in Figure 7.10. Figure 7.10(a) shows the
fibre mechanism being pushed against the positioning actuator by the
inserted fibre. A voltage was then applied to the clamping actuator in order
to allow the tooth of the clamping lever to pass the tooth of the fibre mech-
anism (b). Next, the fibre was aligned with respect to the opposing fibre end
(c) and the actual clamping started. First, the clamp actuator was shut off,
after which the positioning actuator was powered down, leaving the device
completely without power (d). As shown in Figure 7.10(d), the fibre
remained aligned with the second fibre, even when both the positioning
actuator and clamping actuator were switched off.

Measurements on the step response behaviour of the thermal positioning
actuator showed settling times of approximately 0.5 s, which is fast enough
for assembly purposes. The total optimization including constraining the
final position can take place in a matter of seconds.

The position shift during clamping was tested at different positions of the
fibre. After fine positioning of the fibre, the clamping sequence (powering
down both clamp and positioning device) was performed and the fibre dis-
placement was measured. From repeated measurements it was determined
that the clamping displacement at all tested positions was less than 0.1 pm
and therefore, met the fibre-to-laser coupling requirements.

The devices were also tested for their resistance against vibrations, from 0 to
2000 Hz up to 15g. The lowest resonance frequencies of the structures were
calculated to be much higher than 2000 Hz (7 kHz for the fibre mechanism,
27.9 kHz for the positioning actuator, and 25.8 kHz for the clamping struc-
ture), and therefore little damage, if any, to the structure was expected. The
device was tested both in clamped and unclamped state in three orthogonal
directions, see Figure 7.11. No visible failure or shift in clamping position
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(c) (d)

Figure 7.10 Fibre positioning and clamping sequence: (a) position without power
including inserted fibre; (b) actuation of the clamp; (c) moving the fibre to the desired
position; (d) engaging the clamp by powering down the voltage followed by
powering down the positioning actuator. The fibre remained aligned without power.

e Tri - axial
i g accelerometer

PCB including
test chip

Shaker TIRAvib
51110

Figure 7.11 Vertically placed shaker with mounted PCB including test chip, in vertical
(left), and in horizontal position
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was observed after the experiments, indicating that the device will not be
affected by vibrations that might be experienced under working conditions.

Thermal modelling

As for the in-plane actuators discussed in Chapter 4, for the devices pre-
sented in this chapter also the electrical, thermal, and mechanical behaviour
and their coupling was modelled. Comsol Multiphysics™ Finite Element
(FE) modelling software was used, which enabled easier incorporation of
temperature-dependent heat convection and radiation contributions. To
investigate the temperatures in the actuators, the FE model was adjusted to
match the fabrication parameters. In order to avoid possible unwanted
high-temperature effects in the actuators leading to unpredictable behav-
iour, the temperatures in the actuators needed to remain below 870 K, as
discussed in Chapter 4.

The model was further simplified by using only 2-D geometries to signifi-
cantly decrease calculation time. As for the modelling presented before, the
thin polysilicon resistor layer was not modelled separately, instead an
equivalent electrical resistivity for the bulk silicon was calculated, which was
admissible since the Biot number for the cross-section of the structures was
much smaller than unity. In general, the electrical resistivity is strongly
dependent on temperature and differs depending on the doping type and
level. With a phosphorous doping concentration of approximately
10%% atoms/cm® in the polysilicon resistor layer, the equivalent electrical
resistivity over the bulk silicon cross-section was calculated to be
3.0x10 Q-m at room temperature. A linear expression for the electrical
resistivity as a function of temperature was used to fit the modelled resist-
ance to the measured values, which was determined to be adequate for these
simulations. The thermal conductivity and the thermal expansion coeffi-
cient of single crystal silicon are also strongly temperature dependent and
their values were taken from Lide (2006) and Okada and Tokomaru (1984),
respectively.

In addition to heat conduction through the solid material, conductive and
convective heat transfer through air and radiation were included. Temper-
ature dependent values of density and thermal conductivity of air were
taken from Mills (1999), as well as formulas for the convection coefficient
for macro systems, which were extrapolated to the micro domain. For the
radiation estimation, the structures were modelled as gray bodies with an
emissivity of 0.7 (Hickey et al. 2003, Mankame and Ananthasuresh 2001).
For more detailed information about the modelling parameters and bound-
ary conditions the reader is referred to Sassen (2007).
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The resistivity and displacement curves were in agreement with the experi-
mental data and therefore, the modelled temperatures were assumed to be
correct. The modelled temperature of the positioning actuator at 35 V is
shown in Figure 7.12. To determine the displacement a force was applied to
the actuator tip equivalent to the force exerted on the fibre mechanism by
the fibre. The maximum displacement of approximately 16.5 um is compa-
rable to the experimental result for the case of a 10 pm overhang presented
in Figure 7.9. This displacement was achieved at less than the maximum
temperature, indicating that the actuator could have been manufactured
more compactly.
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Figure 712 Temperature plot of modelled positioning structure at 35 V (in
kelvin)

The temperature level in the mechanical clamp was also investigated. The
temperature profile at 41 V is shown in Figure 7.13. From this simulation,
there is only a very small heat flow into the lever thanks to the cooling fins.
The clamp design was optimized such that the modelled vertical position
shift upon cooling was zero. The required 35 pm horizontal displacement
for passing the tooth is achieved at approximately 760 K, which is suffi-
ciently below the allowable temperature of 870 K.

From Figure 7.12 and Figure 7.13 it can be seen that the heat induced zones
remain very local, so, based on these results, thermal crosstalk is not
expected. This was supported by the measurements, during which also no
effects of crosstalk were observed between the individual components.
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Figure 7.13 Temperature plot of modelled clamping structure at 41 V (in
kelvin)

Consequences for the coarse assembly

When taking a broader look at the positioning and clamping functionality
presented in the previous sections, it can be understood that they have a
high potential of being combined with the laser diode attachment area in
the same chip. The position of the fibre in a shallow V-groove with the tip
pointing slightly upwards due to the force from the fibre mechanisms, ena-
bles the fibre tip to rise above the chip surface. This allows the active-side
down placement of the laser diode on the top surface of the chip with the
laser facet nominally aligned with the centre of the positioning window, as
is schematically shown in Figure 7.14.

Fibre tip support position

Laser diode Optical fibre on wedge Fibre mechanism

s —
< " I

Overhang
Figure 7.14 Schematic fibre overhang: side view of fibre mechanism
This means, that if the processing steps for creating the positioning and
clamping functionality can be combined with those for the metal layers for

the LD attachment, the silicon base part and the positioning chip can be
integrated into a single silicon chip. This would result in the presence of
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only a single component between the laser diode and the fibre. In Figure
7.15 an impression of the resulting simplified device layout is shown.

Integrated positioning and
clamping chip

Optical fibre

Standard butterfly package

Laser diode chip

Figure 7.15 Schematic impression of fibre coupled laser diode package
with integrated MST-based 2-D fibre positioning and fixation functionality
in single silicon chip supporting both fibre and LD

This configuration was already identified in earlier chapters as being highly
favourable, for its significantly reduced tolerance build up in x and y direc-
tion. Consequently, a significant reduction of the required fibre tip dis-
placement range could be achieved, from 13.5 X 17.5 pm to 6.5 X 9.5 um
(see Section 5.4). This allows considerably reduced positioning actuator
ranges and forces, and thus also smaller actuators. Because initially the
emphasis in the development of the positioning and clamping functionality
was primarily on verifying their manufacturability and whether they could
function, this was realized in a relatively late stage of the project, and the
positioning requirements were not adapted accordingly. Since the mini-
mum tooth overlap and the clearance for the teeth to pass each other
remain unaltered, the positioning actuator range is decreased somewhat
less but still significantly, from 20 pm to 13 um. The fabrication gap
between actuator tip and fibre mechanism is reduced from 13 pm to 10 pm.
The positioning force is also decreased, from 10 mN to a little over 5 mN.
This reduction of actuator range and force could for example be achieved
with a significantly smaller V-beam actuator of only 2500 pm long and
30 pm wide.

The clamping actuation range remains unchanged because this depends
only on fabrication possibilities. However, due to the reduced positioning
range, the clamping force can also be decreased. The maximum holding
force in positioning direction is reduced from 3.5 mN to approximately
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2 mN, resulting in a clamping force on the fibre mechanism normal to this
direction of around 13-14 mN. This is slightly more than half of the initial
clamping force of 25 mN, both calculated with an assumed worst-case fric-
tion coefficient of 0.15.

In addition, qualitative clamping experiments showed that at much lower
clamping forces the clamps could still maintain the fibre mechanisms in
place. Although additional tests should be performed to investigate the per-
formance of the clamps at these lower clamping forces, this indicates that,
indeed a higher friction coefficient can be used for calculating the required
clamping force normal to the positioning direction. In any case, less stiff
clamping mechanisms could be employed, with significantly reduced
power consumption - and therefore, heat dissipation, which may allow for
a reduction in clamp actuator area, by reducing or even eliminating the
cooling fins between the lever and the actuator. Combined with the reduced
size of the positioning actuators, this may quite easily result in a reduced
chip area of 4 X 5 mm, a reduction of 33%. For comparison, the main
parameters for the used configuration with separate base part and position-
ing chip and the adapted configuration with simplified device layout are
summarized in Table 7.1.

Used configuration with Adapted configuration with
separate base part and simplified device layout
positioning chip

Fibre positioning range 13.5x 175 ym 6.5 x 9.5 um
Fabrication gap 13 um 10 um
Positioning actuator range 20 ym 13 ym
Positioning actuator force 10 mN 5 mN
Positioning actuator 4000 x 50 pm 2500 x 30 ym
dimensions

Clamping force 25 mN 13-14 mN
Chip area 5x 6 mm 4 x5 mm

Table 7.1 Comparison main parameters internal assembly functionality used and
simplified LD-fibre configuration

77 Discussion

The measurement results indicate that the presented mechanical clamping
concept can be successfully applied for powerless clamping of the fibre in
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cooperation with the concept for 2-D fibre positioning presented in the pre-
vious chapter.

The developed clamp was able to take over and indirectly hold the fibre in
position, by applying a clamp force on the fibre mechanism, intended for
use as intermediate body for in- and out-of-plane positioning of the fibre
tip. Powering down the clamping actuator and positioning actuator showed
an average shift in fibre position of less than 0.1 pm. No visible shift in
clamping position was observed after a series of vibration tests. Therefore,
the final position was assumed to be stable. Clamping was adequately fast,
allowing alignment to be performed in a matter of seconds.

Since clamping could only be investigated in combination with 1-D fibre
positioning, additional investigations should be performed on combined
2-D fibre positioning and clamping to verify their joint performance. Prob-
lems such as thermal crosstalk are not expected based on the obtained mod-
elling and test results. During the measurements, no crosstalk was observed
between the individual functions in the same chip.

The positioning and clamping functionalities can most likely be further
optimized, based on a simplification of the device layout, allowing for a
decrease in tolerance build up between laser and fibre. It is expected that
with minor modifications of the processing, the laser diode can be placed
directly on the positioning chip instead of on a separate substrate, as was
assumed to be necessary before having decided upon the exact positioning
and fixation layout. A smaller fibre positioning window is then allowed, and
consequently also smaller actuator ranges and forces. Accordingly, the
device can be made significantly more compact, thereby considerably
reducing cost (see also Section 8.2). This example clearly confirms the
importance of concurrently taking all relevant aspects in the PIAF design
process into account in order to achieve the best possible overall result.

In this chapter, besides mechanical clamping we have discussed the two
other most promising methods for fine fixation as part of the PIAF concept:
soldering and adhesive joining.

Adhesive joining is the most versatile of the three methods. However, typi-
cally the achievable fixation accuracy and long-term stability of the other
two methods are better. Mechanical clamping, if carefully applied, may pro-
vide the best accuracy and long-term stability, most likely at the expense of
a larger required building space and higher development effort. When
mechanical clamping is selected, it is preferred to integrate the clamp func-
tionality with the positioning chip to reduce fabrication cost and to prevent
the need for additional assembly steps.
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Compared to mechanical clamping, which is considered more suited for in-
plane use, soldering and adhesive joining are more suitable for use out-of-
plane relative to the positioning chip surface. For most solder and adhesive
bonds, the gap height direction is usually difficult to control. It is best not
to let this direction coincide with one of the fine positioned directions, since
these are generally the directions having the tightest positional tolerances.
For mechanical clamping, the most convenient clamp direction is generally
also perpendicular to the fine positioned directions. As a consequence,
besides on the specific accuracy and stability requirements, the choice of
fixation method is dependent on the orientation of the fine positioning
directions relative to the positioning chip surface.
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8.1

Conclusions and outlook

In this chapter, the main conclusions are presented regarding the investiga-
tion of the technical feasibility of applying MST-based product-internal
assembly functions for the selected fibre coupling case.

Additionally, in Section 8.2, a limited assessment is presented of the eco-
nomic viability of PIAF applied to this specific case, after which is zoomed
out to discuss the potential of the PIAF method for possible other applica-
tions in Section 8.3. Finally, this chapter is concluded with suggestions for
further research in Section 8.4.

Conclusions

The conclusions of this work are organized following the main research
questions presented in the introductory chapter of this thesis.

Technical feasibility MST-based PIAF for fibre coupling

Based on the results presented in Chapter 6 and 7, it can be concluded that
it is technically feasible to employ MST-based product-internal assembly
functions for accurate assembly of an optical fibre with respect to the laser
diode in the considered product case. Although some of the desired features
could not be achieved, such as relaxed coarse assembly requirements in all
directions and a maximum width of 250 pm for potential use in a fibre
array, integrated MST-based functionality was successfully created for 2-D
fibre positioning and powerless clamping at arbitrary positions in a 25 X 40
pm diamond-shaped positioning window perpendicular to the optical fibre
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axis. In addition, positioning resolutions and fibre position shifts upon
clamping both smaller than 0.1 um were obtained, thereby meeting all
requirements for the main performance aspects.

The developed internal assembly functionality was application specific.
Their working principle was based on specific characteristics of the fibre
(mainly its length and bending flexibility) and the structures were mostly
non-standard, requiring quite considerable engineering effort.

Portion of assembly functionality performed internally and its
level of integration with the overall system

Fibre tip positioning was restricted to the two most critical directions - the
two translations perpendicular to the fibre tip - to keep the complexity
manageable, although this meant that the required coarse assembly accu-
racy in the longitudinal direction was still relatively strict. Fine fixation was
performed product-internally, based on the expected superior fixation
accuracy of the selected MST-based mechanical clamping method com-
pared to other available methods for fine fixation. Position sensing was per-
formed externally, since it was too challenging to include this in the internal
assembly functionality. However, this was not considered problematic for
application of PIAF for this case.

The internal assembly functionality was integrated with the overall system
in a hybrid way, due to the dissimilar functional and material requirements
of the components. It was possible to replace the original parts supporting
the laser and holding the fibre by silicon components in which the MST-
based internal assembly functionality could be created, without too strongly
affecting the primary device functionality.

Initially, a configuration was selected having two discrete silicon compo-
nents in the mechanical link between laser diode and optical fibre, one to
hold and fine position the fibre, and another to support the laser diode and
the silicon positioning chip containing the fibre. This was chosen based on
expected difficulties in process integration in case of combining these two
components into one. The consequence of this choice was an increased
position tolerance build up as compared to the ideal situation with only one
silicon component between LD and fibre, requiring a larger fine positioning
range, and therefore also a larger positioning chip area.

Only at a relatively late stage in the design process it was noticed that,
despite the expectations, all internal assembly functionality most likely
could have been integrated into a single chip, allowing for a significantly
smaller fine positioning window. If this would have been realized in an ear-
lier stage after defining the positioning concept and its associated process-
ing steps, this could have been taken into account in the subsequent
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development steps, reducing the overall development time. This example
clearly indicates the importance of concurrently considering all influential
factors in the PIAF design process in order to achieve the most timely and
best possible overall result.

Coarse assembly of the optical components

In the proposed coarse assembly design, solder self-assembly and mechan-
ical alignment features have been used to reduce the required initial place-
ment accuracy for the assembly equipment, while still achieving sufficiently
accurate coarse positioning of the laser diode and the fibre to enable fine
positioning with acceptably small positioning ranges. In these methods, the
required positioning accuracy is obtained from accurate MST-based align-
ment features in the positioning chip (and in the LD) that may be included
at relatively low cost, since MST was also used for the internal assembly
functionality.

The initial coarse placement requirements could be relaxed in all directions
except the z-direction, in which the optical fibre could not be constrained
at sufficient accuracy without risking damage to its tip. Therefore, in this
direction still a relatively accurate positioning step was required, supported
by visual feedback. Once in the desired longitudinal position, the fibre
could simply be glued into a fixed V-groove in the positioning chip, aligned
with the fibre tip contact areas of the fine positioning structures, resulting
in well-defined fibre tip placement without risking damage to the fibre or
the fine positioning structures.

Fine fibre tip positioning

MST-based electrothermal actuation was selected for fine positioning of the
fibre, based on its relatively high attainable forces and displacements, and
its simple construction, requiring no special materials. Although electro-
static actuation is also promising for internal fine part positioning, its
attainable forces are too low for deflecting the fibre while maintaining a
compact build up.

Two in-plane thermal V-beam actuators were combined with two wedge
mechanisms for converting the actuator motions into in- and out-of-plane
fibre tip movements. Although sliding between the fibre tip and the contact
areas on the wedge mechanisms was unavoidable, fibre tip displacements in
a diamond shaped positioning window of over 25 um in-plane and more
than 40 pm in the out-of-plane direction were shown with only a small vis-
ible hysteresis effect. Positioning resolutions smaller than 0.1 pm were
measured, indicating that potential stick-slip due to the sliding of the fibre
over the <111> surfaces was not a problem.
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Final fibre tip fixation

Of the three most promising methods for fine part fixation as part of the
PIAF concept - soldering, adhesive joining and MST-based mechanical
clamping - mechanical clamping was selected for fixing the fibre tip. This
choice was based on the superior fixation accuracy and the (potentially)
favourable integration with the fibre positioning concept, since clamping
could be performed in-plane using similar thermal actuators and mecha-
nisms as employed for the positioning functionality.

The developed mechanical clamp was successfully tested for powerless
clamping of the fibre with one half of the 2-D fibre positioning concept. The
clamp was able to take over and indirectly hold the fibre in position, by
applying a clamp force on the fibre mechanism perpendicular to its fine
positioning direction. Powering down both clamp and positioning actuator
(the latter could return unobstructed to its rest position without exerting
force on the clamp) showed a fibre position shift of less than 0.1 pm. Fur-
thermore, no visible shift in clamping position was observed after a series of
vibration tests, indicating that the clamping function realises a stable final
position. Clamping was adequately fast, allowing alignment to be per-
formed in a matter of seconds. During the measurements, no thermal cross-
talk was observed between the individual functions in the same chip.

Economic considerations

In order to assess the economic viability of the developed PIAF chip for LD
to fibre alignment in an industrial setting, the cost of the novel PIAF align-
ment approach should be compared to that of presently employed assembly
methods.

« For a full comparison, at least required are:

+ production volume information;

 estimated unit cost of the PIAF chip;

 cost savings of the replaced components and process equipment;

« yield and cycle time information of the individual assembly processes.

Since most of this information cannot be estimated realistically, only a
qualitative discussion is presented of the economic viability of the PIAF
method applied to this case.

Estimated unit cost of the PIAF chip

The main contributors to MST device cost are development cost and pro-
duction cost. Based on the low level of standardization, MST development
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cost is generally high, typically in the order of 1 M€ (J.F.L. Goosen!, per-
sonal communication, May 21, 2008), which should be divided over suffi-
ciently large production quantities to result in reasonable unit costs.

In addition to development cost, production cost may also be quite signifi-
cant. For example, with small wafer batches in the order of 50 to 100 wafers,
fixed costs such as the cost for the mask sets and for setting up the process
may lead to production costs in the order of several thousands of Euros per
wafer. At higher production volumes, combined with relatively low
processing complexity, the cost of a 150 mm wafer, which is standard in
most commercial MST foundries, may remain below one thousand Euros.

Combined, unit prices range from fractions of a Euro to hundreds of Euros,
depending on the chip size and the quantity produced. For our PIAF device,
assuming a yearly production volume of 50,000 to 200,000 and 5 years of
production, the estimated unit development cost would be in the range of
€ 1-4. Following, to obtain the production cost, the wafer production cost
is divided by the number of good die on the wafer. With an estimated die
size of 4x5 mm and a wafer diameter of 150 mm, over 600 die can be pro-
duced from a single wafer. Discarding yield loss, and estimating the wafer
production cost at € 3000, the production cost per die is approximately € 5.
Together with the development cost, this would result in a total estimated
PIAF chip cost in the range of € 6-9.

Cost savings of the replaced components

Although including the PIAF chip seems an expensive addition to the laser
device, as indicated above, compared to the overall device cost of well over
a hundred Euros, it is still quite acceptable. According to Flanagan et al.
(2003), who replaced laser welding for the fibre attachment by soldering, as
was discussed in Subsection 7.1.1, savings in unit material cost of over € 35
per package can be obtained by elimination of the weld clip, weld platform,
and fibre ferrule. Therefore, in the fibre coupling case, replacement by the
PIAF chip in fact seems to reduce instead of increase the unit material cost.

Yield and cycle time

No yield and cycle time information is available about the PIAF method
applied to the fibre coupling case. Based on the observed positioning repro-
ducibility and the possibility to reapply the clamp if desired, the attainable
yield is expected to be better than a process employing laser welding, which
is still relatively difficult to control. In addition, both positioning and

1 Assistant professor Microsystems and Microfabrication, Delft University of Tech-

nology.
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clamping were adequately fast, allowing alignment to be performed in a
matter of seconds. Therefore, the achievable cycle time is expected to be
shorter than the cycle time reported for laser welding by Mobarhan et al.
(2000) discussed in Chapter 3.

The above information seems to indicate that the PIAF method may be eco-
nomically viable for application in this case, given sufficiently large produc-
tion volumes. As mentioned earlier, this indication is only based on partial
information, and conclusive statements cannot be made here.

Broader PIAF application potential

Up to this point, we have considered the PIAF method in the context of the
specific fibre coupling case. Based on the insights gained, in this section an
attempt is made to consider the broader application potential of the PIAF
method for micro-assembly, both from technical and economic perspec-
tive.

The applicability of the PIAF method is on one side dependent on the tech-
nical possibilities of the internal functionality that can be created, and on
the other on the specific technical demands for potential PIAF cases.

Technical possibilities of applying PIAF

Starting with the technical possibilities, we have learnt that both the attain-
able number of degrees of freedom that can be actively controlled as well as
the attainable actuation ranges using MST-based functionality are rather
limited. From force perspective, the considered case with its high fibre tip
positioning forces was very specific. Generally for discrete components
much smaller forces in the uN range will be required, which is not consid-
ered challenging for most MST-based actuators. However, sufficiently
robust structures should be created e.g. to withstand external component
placement forces, practically excluding the use of fragile surface microma-
chined structures with typical structural heights in the order of a few pm.
Based on the results presented in this thesis, achieving useful actuation in
more than two degrees of freedom with translations of over a few tens of
microns is considered very challenging.! Larger actuation ranges are possi-
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nent, but for example two components with respect to each other, in order to achieve
relative positioning in a higher number of directions. However, this option is not con-
sidered very likely, based on the significantly higher expected complexity of this
approach.
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ble, but generally at the expense of higher cost, due to the larger chip area
required for the actuation structure.

With regard to sub-um fine fixation, quite promising methods are available
that may each be applied advantageously in specific situations, such as dif-
ferent orientations with respect to the positioning chip surface. However, as
accuracy requirements in the most critical directions approach 0.1 um, only
a few fine fixation options are eligible.

Most challenging is the internal sensing for position feedback. This is not
considered crucial for application of the PIAF method in the case consid-
ered in this thesis. On the other hand, this does entail that fully self-assem-
bling, 'plug-and-play'-like, PIAF modules are not easily created, and that
continuous position control during product life is less likely than final fix-
ation after positioning.

As we have seen, a technical limitation can be in the coarse assembly proc-
ess, which may influence the economical applicability of the method. If high
accuracies are required in more directions than can be fine positioned, ide-
ally the position accuracy is obtained from accurately defined features in the
parts to be mated. If this is not possible, as was observed in the longitudinal
fibre direction, then more accurate and expensive coarse assembly must be
used, negatively influencing the cost-effectiveness of the overall assembly
procedure.

In the fibre coupling case, two aspects were relatively advantageous that
may provide more difficulties in other cases:

- packaging was straightforward;

« the fibre length and flexibility allowed simple tip positioning in combi-
nation with permanent coarse fibre fixation.

The laser housing did not require adaptations for protection of the PIAF
chip. However, one could imagine that in other situations a redesign of the
package would be required, which may be challenging, particularly if inter-
action of the assembled component with the environment is necessary.

As explained in Chapter 6, the fibre flexibility allowed fibre tip positioning
using two independent simple 1-D positioning mechanisms with sliding
fibre contact, in combination with permanent coarse fibre fixation. For
positioning discrete, rigid components in multiple directions this cannot be
used. The most likely option is to create a structure inside the positioning
chip onto which the component is permanently fixed, capable of perform-
ing multiple, independently controlled, motions for positioning the com-
ponent. This is more difficult than realizing a number of independent 1-D
positioning mechanisms. Therefore, applying PIAF in more than one direc-

149



Chapter 8

150

tion for discrete, rigid components is expected to be more challenging than
for the fibre coupling case.

Potential demand for PIAF application

Thus far, no examples are known of the PIAF method being carried out on
commercial products. Future demand for application of this method is
expected in products requiring accurate assembly of micro-parts, and that
have sufficiently large volumes to justify the high non-recurring MST devel-
opment and production cost. We have seen that positioning accuracies
between directly connected components in the order of one to a few um can
be achieved using passive alignment features, which are generally easier
implemented than active internal positioning functionality. Therefore, it is
logical that the use of PIAF is mainly limited to products requiring sub-pm
positioning accuracies in up to a few directions. Production volumes
should at least be in the 10 to 100 thousands per year, depending on the
allowable unit cost.

In addition to telecommunications, and other optical domains, applicabil-
ity may be expected in areas such as consumer electronics and the automo-
tive industry, potentially stimulated by the increasing employment of MST-
based functionality in these domains. Although not necessarily being high-
volume markets, also in bio-medical instrumentation and in high-end pro-
fessional equipment, opportunities for application of this method could be
expected.

As almost all PIAF examples in literature are from the optical domain, it is
very difficult to predict which and how many degrees of freedom would be
desirable to be internally positioned in possible applications from other
domains. In practice, generally not all directions are equally critical, so most
likely 6-D internal positioning is not necessary. For fibre tip manipulation,
mostly devices capable of performing two orthogonal translations are
shown. However, even from these examples it is difficult to infer what
would ideally be desired, because they are limited by technical possibilities,
as was also observed in our case investigation. All these considerations
reduce trying to predict in which directions PIAF could be desired to guess-
work.

Aside from a low awareness of the PIAF method, a number of aspects have
been identified that could potentially impede proliferation of this method.
The most important are the high required MST development expertise and
the availability of alternative assembly methods.

Many companies who may wish to employ MST-based PIAF have no capa-
bility or expertise in micro fabrication technology. Currently, for designing
a MST device a high level of fabrication knowledge is required in order to
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create a successful design. Often the development of MST devices requires
a significant dedicated research effort to find a suitable process sequence for
its fabrication. However, as mentioned, the fact that composed products are
increasingly equipped with MST-based components for their primary func-
tionality, may be considered positive for the applicability prospect of the
method in the longer term.

Compared to available alternative assembly methods, the PIAF method
may involve more design adaptations to the primary device, which could be
seen as complicated, particularly when the product and production devel-
opment are executed in different departments or even in entirely separate
companies.

In addition, the innovative character of the PIAF method combined with
the high MST development effort may be seen as a high economical risk.
Generally, unless the application for which PIAF is considered is totally
new, there is an existing assembly process that the PIAF method attempts to
replace. Only if this or potentially other conventional, seemingly less com-
plicated, methods do not provide the desired performance, the willingness
arises to look beyond the familiar and focus on less well-established meth-
ods, such as by PIAF.

Lastly, the addition of costly functionality into the product to reduce the
overall production cost is rather counterintuitive. Therefore, accurate cost
calculations may be required to convince potential users of the benefit of
the method. These calculations are not easily made, because usually most of
the required information cannot be estimated realistically.

Suggestions for further research

Recommendations for additional investigations are provided on two levels:

 on case level regarding possible further device development and testing;
+ ona general level concerning applicability of the PIAF method.

On case level, additional investigations should be performed on the com-
bined functions to verify their joint performance. It is recommended to fab-
ricate the optimized 2-D fibre positioning and clamping functionality
integrated in a single chip, and to include solder metallization layers for LD
attachment. This way, functioning assembled demonstrators may be real-
ized including optical fibre that allow for testing of the position stability
under Telcordia GR-468-CORE test conditions.

In addition, it is recommended to verify the level of out-of-plane bending
of the fibre mechanisms resulting from the fibre pretension. This could
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influence the fibre position when the mechanism position is taken over by
the clamp.

To reduce the chip area, smaller actuators with comparable performances
are desired. Improved electrothermal in-plane V-beam actuator configura-
tions, which were developed in the context of this research project and that
may be here considered are presented in Sassen et al. (2008). Additionally,
it may be investigated if the actuators could be safely powered up to higher
temperatures than here reported (see Chapters 4 and 7).

Finally, despite adhesive bonding was not selected for the fine fixation, it
may be attractive, either as safety measure by adding adhesive for defini-
tively securing the clamp, or as a replacement of the mechanical clamps.
Both options are recommended for further investigation. In the latter
option, the adhesive could be applied in-plane between the fibre mecha-
nism end faces and opposing parallel surfaces fabricated in the chip sub-
strate, with the gap height normal to the motion direction of the fibre
mechanisms. In this orientation, moderate adhesive shrinkage theoretically
does not affect the fibre mechanism position, and much smaller chip area is
required than with mechanical clamping. A careful design of the joint, how-
ever, is needed to ensure meeting the alignment demands.

On a general level, it is important for increased applicability of the PIAF
method that the performance and design flexibility of MST-based actuators
is improved. In particular the limited possibilities for multiple degree of
freedom positioning functionality in a single chip are a restriction for
employment of the PIAF method. This issue can only be addressed by
developing novel MST-based fabrication technologies.

Increased actuator performance is both dependent on fabrication and geo-
metric design. The level of standardization in geometric actuator design is
quite low, resulting in significant design effort to create actuators with
acceptable performances. By increasing the number of available actuator
'building blocks' having more or less standardized dimensions, and that
may be tailored to a specific need, this design effort may be reduced quite
significantly. Similarly, the increased availability of geometric optimization
methods may aid the MST design process in the future. Unfortunately,
topology optimization, despite being a popular research area in the past
years, is still far from practically applicable e.g. for electro-thermo-mechan-
ical design cases such as presented in this thesis (M. Langelaar!, personal
communication, March 26, 2007).
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Conclusions and outlook

In addition to applicable actuator examples, additional PIAF implementa-
tions should be realized as they may serve as examples for designers con-
templating its use in similar product cases. Although internal assembly
functionality is generally case specific, successful example implementations
may provide valuable insights as well as concrete ideas for implementation.
It would be interesting to investigate a product case in which PIAF includ-
ing fine positioning functionality in at least two directions is applied for
assembling a discrete, rigid micro-part. This is considered particularly use-
ful because of the distinctly dissimilar characteristics of such a part com-
pared to those of the optical fibre considered in the presented research.
Possibly the fibre coupling case as was studied in this research, but with in-
and out-of-plane discrete lens positioning instead of fibre tip positioning, is
a suitable product case for consideration.
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Process flows and mask layouts

Short process flow first demonstrator series
(DIMES identification code WB1241)

In this section a short process flow description is provided for fabrication of
the in-plane actuation structures presented in Chapter 4. For a brief process
description the reader is referred to Section 4.4 and the schematic fabrica-
tion sequence is shown in Figure 4.4.

Front side design: (4 ASM masks)

« PS, CO, IG, RIE (polysilicon definition, contacts, metallization and Si
RIE etching)

Back side design (1 full wafer mask)

«  KOH (to define the 120 pm thick structures, i.e. to etch ~ 405 pm of
bulk silicon)

Starting material: (100) n-type and p-type Si wafers with measured thick-
ness (525 pm thick + 2 pm)

Front side processing (based on DIMES-03)
ZERO layer for ASM wafer stepper and for ELVIS: all wafers

+ Coating and baking (resist thickness: 1.4 pm)
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« Litho job: Sensor/ ZEFWAM , masks FWAM (alignment marks for
ELVIS) + COMURK (alignment marks for ASM/ DIMES-03)

« Development

+ Dry etching of silicon (Trikon Omega 201 plasma etcher, etching depth:
200 nm)

+ Cleaning procedure (oxygen plasma and HNO; based cleaning)

+ Thermal oxidation 300 nm

« LPCVD low stress SiN: 300 nm

Poly Si Resistors implantation (n-type wafers):

«  LPCVD low stress poly: 300 nm

+ Boron implantation: B*, 40 keV, 1.0x101%/cm?

¢+ Cleaning procedure (HNOj based cleaning)

+ Coating and baking (resist thickness: 1.4 um)

 Alignment and exposure: mask PS (litho job MA6x6)

« Development

 PolySi dry etching Drytek 384T plasma etcher (stop on nitride)
¢+ Cleaning procedure (oxygen plasma and HNOj; based cleaning)
« LPCVD TEOS oxide: 300 nm

« Anneal: 1000°C, 35 min, in Ar)

Poly Si Resistors diffusion (p-type wafers):

Follow CMOS flow chart

« LPCVD low stress poly: 500 nm

+ Phosphorous diffusion (POCl; source, 950°C, 42 min)
Oxide stripping (BHE 30 s)

+ Cleaning procedure (HNOj based cleaning)

+ Coating and baking (resist thickness: 1.4 um)
+ Alignment and exposure: mask PS (litho job MA6X6)
« Development

 Poly dry etching Drytek 384T plasma etcher (stop on nitride)
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Cleaning procedure (oxygen plasma and HNOj based cleaning)
LPCVD TEOS oxide: 300 nm

Contact windows and metallization: all wafers

Coating and baking (resist thickness: 2 pm)

Alignment and exposure: mask CO (litho job MA6x6)

Development

Plasma etching of oxide (stop on poly): Drytek 384T plasma etcher
Cleaning procedure (oxygen plasma and HNOj based cleaning)

Dip etching (HF 0.55%, 4 min)

Metallization: TRIKON SIGMA sputter coater 0.6 um Al/1%Si @ 350°C
Coating and baking (resist thickness: 1.4 um)

Alignment and exposure: mask IC (litho job MA6x6)

Development

Plasma etching of metal: Trikon Omega plasma etcher, platen tempera-
ture 25°C + aluminium fence removal

Cleaning procedure (oxygen plasma and HNOj based cleaning)

Backside processing:
Membrane definition:

Coating and baking (resist thickness: 1.4 um)
Alignment and exposure: ELVIS : mask KOH
Development

Dry etching of silicon nitride Drytek 384T plasma etcher: stop on sili-
con

Cleaning procedure (oxygen plasma and HNOj; based cleaning)

Front side processing:
Silicon etching from front side:

PECVD oxide: 2 pm
Coating and baking (resist thickness: 3 pm)
Alignment and exposure: mask RIE (litho job MA6x6)
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« Development

+ Plasma etching of oxide + nitride + oxide: Drytek 384T plasma etcher
(stop on silicon)

¢+ Cleaning procedure (oxygen plasma and HNOj; based cleaning)
 Alloying: 400°C, 50 min
Backside processing:

Membrane etching:

« Silicon etching in KOH (33wt% @ 85°C): ~ 405 pum, 120 pm left
+ Cleaning procedure (HNOj based cleaning)

Front side processing:
Structures release:

« DRIE of silicon from front side (120 um) until etch through of struc-
tures (ADIXEN, oxide or resist layer on the back as stop layer)
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Process flows and mask layouts

Schematic mask layout WB1241

10mm

(0D

¢

(AR

10mm

Figure A.1 Schematic mask layout of the first test chip containing in-plane
moving actuators and various other test structures (in gray (red in the
digital version): polysilicon resistor structures that act as heater elements)
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A.3  Short process flow 2-D positioning concepts
(WB1345)

Front side design: (5 ASM masks +1 full wafer mask)

« PSS, CO, IC, KOHI, RIE + RIE 2 (polysilicon definition, contacts, met-
allization, Si wet etching and Si RIE etching). Litho job MA4x4
(15 x 15 mm die) in a 4x4 layout. KOH1 defines the 100 um deep
grooves in which fibres are placed; RIE defines the 150 pm deep silicon
microstructures.

Back side design (full wafer masks)

+ KOH2 (to define the 150 um thick structures, i.e. to etch ~ 375 pm of
bulk silicon)

Starting material: (100) p-type Si wafers with measured thickness (525 pm
thick £ 2 um)

Front side processing
ZERO layer for ASM wafer stepper and for ELVIS

+ Coating and baking (resist thickness 1.4 um)

- Litho job: Sensor/ ZEFWAM , masks FWAM (alignment marks for
ELVIS) + COMURK (alignment marks for ASM/ DIMES-03)

« Development

+ Dryetching of silicon (Trikon Omega 201 plasma etcher, etching depth:
200 nm)

¢+ Cleaning procedure (oxygen plasma and HNOj; based cleaning)

+ Thermal oxidation 300 nm

« LPCVD low stress SiN: 300 nm

Poly Si Resistors diffusion (p-type wafers):

Follow CMOS flow chart

« LPCVD low stress poly: 500 nm

+ Phosphorous diffusion (POCl; source, 950°C, 42 min)
Oxide stripping (BHE 30 s)

+ Cleaning procedure (HNOj based cleaning)

» Coating and baking (resist thickness: 2 um)
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Alignment and exposure: mask PS (litho job MA4x4)
Development

Poly dry etching Drytek 384T plasma etcher (stop on nitride)
Cleaning procedure (oxygen plasma and HNOj; based cleaning)

KOH1 definition:

300 nm LPCVD SiN

Coating and baking (resist thickness 2 um)

Alignment and exposure: mask KOH1 (litho job MA4x4)
Developing

600 nm LPCVD low stress SiN + 300 nm thermal oxide etching
(Drytek 384T plasma etcher )

Dry etching of polySi from backside (Alcatel GIR 300 Fluorine etcher)
Cleaning procedure (oxygen plasma and HNOj; based cleaning)
Silicon etching in KOH (33wt% @ 85°C): 100 pm

Cleaning procedure (HNO; based cleaning)

Contact windows and metallization: all wafers

Coating and baking: spray coating (Electronic Vision) resist thickness
2 pm

Alignment and exposure: mask CO (litho job MA4x4)
Development: AZ 400 K 1:4
Plasma etching of SiN (stop on poly): Drytek 384T plasma etcher

Cleaning procedure (oxygen plasma and HNOj based cleaning)

Metallization: TRIKON SIGMA sputter coater, 1 pm Al/1%Si @ 350°C

Coating and baking: spray coating (Electronic Vision) resist thickness
3 pum

Alignment and exposure: mask IC (litho job MA4x4)
Development: AZ 400 K 1:4

Plasma etching of metal: Trikon Omega plasma etcher, platen tempera-
ture 25°C + aluminium fence removal

Cleaning procedure (oxygen plasma and HNOj based cleaning)
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Backside processing:

Membrane definition:

Coating and baking (resist thickness: 1.4 pm)
Alignment and exposure: ELVIS : mask KOH2; development

Dry etching of 600 nm silicon nitride + 300 nm oxide, Drytek 384T
plasma etcher: stop on silicon

Cleaning procedure (oxygen plasma and HNOj based cleaning)

Front side processing:
Silicon DRIE pattern definition:

PECVD oxide (Novellus): 3 um
Coating and baking: spray coating (Electronic Vision)

Alignment and exposure mask RIE + RIE2 (mask RIE2 contains the
overlapping RIE + KOHI1 structure definitions) litho job MA4x4

Development: AZ 400 K 1: 4

Plasma etching of 3 pm PECVD oxide + 600 nm nitride + 300 nm
oxide: Drytek 384T plasma etcher, stop on silicon

Cleaning procedure (oxygen plasma and HNOj based cleaning)
Alloying: 400°C, 50 min

Backside processing:
Membrane etching:

Silicon etching in KOH (33wt% @ 85°C): ~ 375 pm, 150 pm left
Cleaning procedure (oxygen plasma + HNOj based cleaning)

Al/1%Si sputtering TRIKON SIGMA sputter coater, 500 nm @ 25°C
(use special wafer holder with grooves)

Front side processing:
Silicon etching from FRONT SIDE:

Plasma etching of silicon: 150 pm in Adixen

Cleaning procedure (oxygen plasma + HNOj based cleaning)
Strip Al stop layer (wet)

Strip oxide from front side in BHF 1:7



Process flows and mask layouts

A.4  Schematic mask layout WB1345

Clamp
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Figure A.2 Schematic mask layout of the second chip containing five
geometrically different 2-D in- and out-of-plane moving actuators and a
few other test structures
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A.5
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Short process flow clamp concepts (WB1406)

Front side design: (4 ASM mask)

« PS, CO, IG, RIE (polysilicon definition, contacts, metallization, Si RIE
etching). Litho job MA4x4 (15 x 15 mm die) in a 4x4 layout. RIE
defines the 150 um deep silicon microstructures.

Back side design (1 Full wafer mask)

+ KOH (to define the 150 pm thick structures, i.e. to etch ~ 375 um of
bulk silicon)

Starting material: (100) p-type Si wafers with measured thickness (525 pm
thick + 2 pm)

Front side processing
ZERO layer for ASM wafer stepper and for ELVIS
+ Coating and baking (resist thickness 1.4 um)

« Litho job: Sensor/ ZEFWAM, masks FWAM (alignment marks for
ELVIS) + COMURK (alignment marks for ASM/ DIMES-03)

« Development

+ Dry etching of silicon (Trikon Omega 201 plasma etcher, etching depth:
200 nm)

¢ Cleaning procedure (oxygen plasma and HNOj; based cleaning)

« LPCVD low stress SiN: 300 nm

Poly Si Resistors diffusion (p-type wafers):

Follow CMOS flow chart

« LPCVD low stress poly: 500 nm

 Phosphorous diffusion (POCl; source, 950°C, 42 min)
« Oxide stripping (BHF, 30 s)

« Cleaning procedure (HNOj based cleaning)

+ Coating and baking (resist thickness: 2 um)
+ Alignment and exposure: mask PS (litho job MA4x4)
« Development

 Poly dry etching Drytek 384T plasma etcher (stop on nitride)



Process flows and mask layouts

Dry etching of polySi from backside (Alcatel GIR 300 Fluorine etcher)
Cleaning procedure (oxygen plasma and HNO3 based cleaning)
LPCVD low stress SiN: 100 nm

Backside processing:

Membrane definition

Coating and baking: resist thickness 1.4 pm
Alignment and exposure: ELVIS: mask KOH
Development

Dry etching of 400 nm silicon nitride, Drytek 384T plasma etcher: stop
on silicon

Cleaning procedure (oxygen plasma and HNOj based cleaning)

Front side processing:

Contact windows and metallization

Coating and baking;: resist thickness 2 pm

Alignment and exposure: mask CO (litho job MA4x4)

Development

Plasma etching of SiN (stop on poly): Drytek 384T plasma etcher
Cleaning procedure (oxygen plasma and HNOj based cleaning)

Dip etching (HF 0.55%, 4 min)

Metallization: TRIKON SIGMA sputter coater 1 um Al/1%Si @ 350°C
Coating and baking (resist thickness: 1.4 pm)

Alignment and exposure: mask IC (litho job MA4x4)

Development

Plasma etching of metal: Trikon Omega plasma etcher, platen tempera-
ture 25°C + aluminium fence removal

Cleaning procedure (oxygen plasma and HNOj based cleaning)

Silicon DRIE pattern definition:

PECVD oxide (Novellus): 3 um

Coating and baking: resist thickness 2 pm
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+ Alignment and exposure: mask RIE (litho job MA4x4)
« Development

+ Plasma etching of 3 um PECVD oxide + 300 nm nitride: Drytek 384T
plasma etcher, stop on silicon

+ Cleaning procedure (oxygen plasma and HNO; based cleaning)
 Alloying: 400°C, 50 min

Backside processing:

Membrane etching:

+ Silicon etching in KOH (33wt% @ 85°C): ~ 375 pum, 150 pm left
+ Cleaning procedure (oxygen plasma + HNOj based cleaning)

«  Al/1%Si sputtering TRIKON SIGMA sputter coater, 500 nm @ 25°C
(use special wafer holder with grooves)

Front side processing:
Silicon etching from FRONT SIDE:

 Plasma etching of silicon: 150 um in Adixen
+ Cleaning procedure (oxygen plasma + HNOj based cleaning)

- Strip Al stop layer (wet)
« Strip oxide from front side in BHF 1:7
+ Cleaning procedure (oxygen plasma + HNO; based cleaning)
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A.6  Schematic mask layout WB1406

15 mm

15 mm

Figure A.3 Schematic mask layout of the third chip design containing
various in-plane thermal actuation and clamp structures
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Rejected MST-based thermal 2-D
fibre positioning concepts

U-beam thermal
Optical fibre actuator

Bimorph thermal
actuator

Figure B.1 Concept A. The fibre is inserted in a U-shaped groove and its tip is
moved sideways by a U-beam or V-beam thermal actuator; vertical motion is
performed by a bimorph thermal actuator with a metal layer on the bottom side.
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a

Fibre carrier -]

Passive spring—]

\

" —

| V-beam thermal
actuator

| _ Bimorph thermal
actuator

Figure B.2 Concept B. Similar to concept A, except for the sled supporting the
fibre that is moved in its entirety, and therefore the relative fibre position on the

actuator remains fixed.

<111>bimorph

thermal actuators

Figure B.3 Concept C. Two bimorph beams are oriented along the <111>
crystallographic directions and can be actuated independently.
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Rejected fibre positioning concepts

Outward moving U-beam

thermal actuators

N\

Passive spring -

Figure B.4 Concept D. The fibre is clamped between two U-beam actuators and a
passive spring. Upon heating, the U-beams move sideways, thereby releasing
the preload in the spring. The fibre can be inserted with both actuators in fully
deflected state. See also Appendix C.

Concept  Orientation Actuators Actuation Relation fibre -
direction end-effecter
A In-plane V-beam / U-beam In-plane Free (friction)
Bimorph Out-of-plane
B In-plane V-beam In-plane Fixed
Bimorph Out-of-plane
C In-plane Bimorphs Out-of-plane Free (friction)
D Through-plane U-beams In-plane Free (friction)

Table B.1

Comparison positioning concepts
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Through-plane 2-D thermal fibre
positioning concept

In the same chip as for the individual U- and V-beam actuators presented
in Chapter 4, also a 2-D through-plane fibre positioning concept was
included, which is schematically shown in Figure C.1.

\ Outward moving

_— U-beam thermal
actuators

/
e

Optical fibre

Passive spring

Figure C.1 Through-plane thermal 2-D fibre positioning concept

In this concept, the fibre tip is clamped between two U-beam actuators and
a passive spring, each placed at a 60° angle relative to each other. Upon heat-
ing the U-beams move outward, thereby enlarging the triangular opening
between the actuators and the passive spring. The fibre can be inserted with
both U-beams in fully deflected state, and the fibre tip is clamped against
the passive spring by decreasing the actuation voltages until the maximum
passive spring preload is reached when the voltages are reduced to zero. Fol-
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R

(a)

lowing, by independently moving the U-beam actuators, the fibre tip can be
positioned in the chip plane while maintaining sliding contact with the pas-
sive spring and the sides of both U-beam actuators. The fibre tip position
remains relatively well-defined as long as a non-zero spring preload is
present to maintain contact between the fibre and both U-beam actuators.

In Figure C.2 an overview and a close-up SEM image are shown of one of
the fabricated through-plane fibre positioning devices. The overall U-beam
length was 1200 pm, and the passive spring had a length of 590 um and a
width of 20 pm, so that it theoretically possessed the same bending stiffness
as the two U-beam actuators.

(b)

Figure C.2 SEM images of the fabricated through-plane fibre positioning device, (a)
overview image, and (b) close up of the fibre clamping opening, both at a 45°
viewing angle
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Tests were performed on a through-plane concept having a fibre opening
with an inner diameter of 105 um in rest position. By fully deflecting both
U-beam actuators, the opening diameter could be enlarged to approxi-
mately 130 pm, allowing for insertion of a standard fibre having a 125 pm
diameter. In Figure C.3 an overview and a close-up microscope image are
shown of a through-plane concept with a successfully inserted optical fibre.

After insertion it was possible to position the fibre tip in a 2-D positioning
window of approximately 10x10 um. The movement was smooth, with no
observable stick-slip during sliding of the fibre. Since only microscope
observations were made, no detailed positioning information was obtained.

After the positioning tests, the fibre was taken out of the device and both the
fibre surface and the actuator side walls were examined for possible damage;
however no observable damage to the fibre or to the device was found.
Although the device performance was quite good and scaling of the actua-
tors is expected to render larger positioning windows, inserting the fibre



Through-plane fibre positioning concept

(a) (b)

Figure C.3 Top view microscope images of the through-plane concept
including clamped 125 pm diameter optical fibre, (a) overview, (b) close-

up

into the device was experienced to be highly challenging based on the lim-
ited depth of view of the microscope at the high magnifications required for
this task. In a few instances even the passive spring or one or more of the
actuators were broken due to the fibre being misplaced and pushing part of
the silicon structures out of the chip plane until breaking occurred.

As discussed in Chapter 5, a through-plane build up was not selected due to
its more complicated assembly and its lower potential for achieving an
acceptably small tolerance build up, requiring the fine positioning travel
ranges to be very large.
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Equipment and experimental setup

(b)

Figure D.1 Polytec MSA-400 Micro system analyzer, used for characterizing the
in-plane displacement performance of the MST-based actuation structures
(Polytec 2008)
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PCB Positioning chip Input fibre

fibre XYZ-stage

(b)

Figure D.2 (a) Thorlabs MAX311/M piezoelectric xyz micropositioning
stage with mounted PCB including positioning chip and optical fibres.
(b) Close-up of the test setup with positioning chip and optical fibres on
the xyz positioning stage.
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SEM images fabricated structures

E.1 First demonstrator series (WB1241)

(a) (b)

Figure E.1 (a) SEM image of three V-beam actuators and one U-beam actuator; (b)
detail image of the U-beam actuator close to its base
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E.2 Second demonstrator series (WB1345)

(a) (b)

(c) (d)

Figure E.2 Overview and detail SEM images of a fabricated 2-D fibre positioning
device including <111> wedges for out-of-plane movement
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E.3

SEM images fabricated structures

Third demonstrator series (WB1406)

(b)

Figure E.3 Front side and back side views of one of the fabricated in-plane
thermal actuation and clamp structures
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Relevant student reports

Van den Bedem, S.P.W. (2004, Nov). Design of a 2-DOF MST-based micro-
positioning device for in-package optical fibre-chip coupling. MSc Thesis, TU
Delft, Internal report nr. PT 04.103.

 not selected alternative MST-based 2-D fibre positioning concepts;

« design first in-plane thermal actuator test chip.

Sassen, W.P. (2006, Jan). Experimentation of thermal micro actuator per-
formance. Research assignment report, TU Delft, Internal report nr. PT
06.001.

 information experimental setup;

 description LabVIEW programmes for automated testing using fibre-
to-fibre alignment.

Sassen, W.P. (2007, Apr). Design and modelling of an improved MST-based
2 DOF positioning device. MSc Thesis, TU Delft, Internal report nr. PT
07.009.

¢ design improved 2-D MST-based fibre fine positioning concept vari-
ants;

+ engineering calculations and Comsol MultiphysicsTM FE models posi-
tioning functionality.
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Van der Burgh, H.J. (2007, Apr). Design of an MST-based mechanical clamp
for in-package optical fibre-chip coupling. MSc Thesis, TU Delft, Internal
report nr. PT 07.012.

 description available MST-based powerless mechanical clamping solu-
tions;

 design MST-based mechanical clamps for integration with improved 2-
D fibre positioning concept;

«  engineering calculations and Comsol Multiphysics"™ FE models clamp
functionality.
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Summary

Product-internal assembly functions

A novel micro-assembly concept applied to optical
interconnects

In recent decades, a major trend in production has been the continuing
miniaturization of functions and devices. This leads to increased difficulties
in the field of micro-assembly: the assembly of miniature parts into com-
posed products. In addition to decreasing part and product dimensions, the
positioning requirements have also become stricter. These increasing diffi-
culties have led to the conception of a novel method to perform micro-
assembly tasks, which is researched in this thesis: micro-assembly using prod-
uct-internal assembly functions (PIAF). This method distinguishes itself
from traditional assembly approaches by the fact that part of the assembly
functionality is included into the product subject to assembly, and takes
care of the fine assembly of parts, after an initial coarse assembly process.
Although this added functionality may increase development cost, the over-
all cost including assembly can decrease, because of the expected reduction
of the required accuracy, and hence the cost, of the preceding coarse assem-
bly step. Microsystem technology (MST) was selected as enabling technology
for the product-internal functionality, because of its capability to create
very small structures with extremely high accuracies at potentially low cost,
resulting from the batch processing.

The objective of the research has been to explore the technical feasibility to
use MST-based product-internal assembly functions for the purpose of
micro-assembly. The investigation was narrowed down to a realistic prod-
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uct case, for which product-internal assembly functionality was designed,
fabricated and tested: the accurate assembly of an optical fibre relative to a
telecommunication laser diode. This case was selected for its alignment
challenge with the strictest tolerances in the plane perpendicular to the light
propagation direction.

For the fibre coupling case, solution principles for the main considered sub-
functions fine positioning, coarse assembly and final fixation were investi-
gated and developed in a step-wise approach, increasing in complexity from
1-D to 2-D fine positioning, and ultimately leading to a proposed overall
design including integrated mechanical clamps for the final fixation. Dem-
onstrators were developed and realized at the Delft Institute of Microsys-
tems and Nanoelectronics (DIMES) of the TU Delft.

In-plane MST-based electrothermal actuators were selected for fine posi-
tioning and clamping of the fibre, based on their high attainable workloads
and their simple construction. Two V-beam actuators were combined with
two <111> plane wedge mechanisms to convert the in-plane actuator
motions into in- and out-of-plane fibre tip movements. Fibre tip displace-
ments in a diamond shaped positioning window of over 25 um in-plane and
more than 40 pm in the out-of-plane direction were shown with only a
small visible hysteresis effect. Positioning resolutions smaller than 0.1 pm
were measured, indicating that potential stick-slip due to the sliding of the
fibre over the <111> surfaces was not relevant.

A fabricated mechanical clamp capable of powerless clamping was tested to
function successfully in combination with the positioning concept. The
clamp was able to take over and indirectly hold the fibre in position, by
applying a clamp force on the fibre mechanism perpendicular to its fine
positioning direction. Powering down both clamp and positioning actuator
showed a fibre position shift of less than 0.1 pm. No visible shift in clamping
position was observed after a series of vibration tests, indicating that the
clamping function realises a stable final position. The developed wafer
processing sequence allows both the position and clamping functionality to
be realised in one monolithic chip.

A design is proposed for the coarse assembly process which precedes the
fine assembly process using the developed chip. Solder self-alignment and
lithographically defined mechanical alignment features reduce the required
initial placement accuracy for the assembly equipment, while still achieving
sufficiently accurate coarse positioning of the laser diode and the fibre to
enable fine positioning with acceptably small positioning ranges. A toler-
ance analysis showed the feasibility of the proposed coarse assembly proc-
ess, with the exception of the coarse alignment in the longitudinal fibre
direction. This degree of freedom still requires a relatively accurately con-
trolled assembly process using visual feedback.



Summary

Based on the results, it appears to be technically feasible to employ MST-
based product-internal assembly functions for accurate assembly of an
optical fibre relative to the laser diode in the considered product case. Some
of the desired features could not be achieved, such as relaxed coarse assem-
bly requirements in all directions. Position sensing was performed exter-
nally, however this was not considered problematic for application of the
PIAF method. It is crucial to concurrently take all relevant aspects in the
PIAF design process into account in order to achieve the best possible over-
all result.

Thus far, no examples are known of the PIAF method being carried out on
commercial products. In general, future application is expected in products
requiring micro-assembly steps with sub-pm accuracies in one or more
degrees of freedom, and that have sufficiently large volumes to justify the
relatively high non-recurring MST development cost. The fact that prod-
ucts containing MST-based components are increasingly applied in areas
like consumer electronics, telecommunications, and the automotive indus-
try appears promising for integration of MST-based product-internal
assembly functionality in these types of products in the future.
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Samenvatting

Product-interne assemblage functies

Een nieuw microassemblage concept toegepast op
optische verbindingen

Een belangrijke trend in de afgelopen jaren is de voortgaande miniaturise-
ring van functies en producten. Dit leidt tot toenemende moeilijkheden op
het gebied van microassemblage: de assemblage van miniatuurcomponen-
ten tot samengestelde producten. Naast afnemende onderdeel- en
productdimensies zijn ook de positioneereisen strikter geworden. Deze
toenemende moeilijkheden hebben geleid tot een nieuwe methode om
microassemblagetaken uit te voeren, welke is onderzocht in deze studie:
microassemblage met behulp van productinterne assemblagefuncties (PIAF).
Deze methode onderscheidt zich van conventionele assemblagemethoden
doordat een deel van de assemblagefunctionaliteit is geintegreerd in het
product dat wordt geassembleerd. Dit draagt bij aan de eindassemblage van
onderdelen, na een initiéle, minder nauwkeurige, assemblagestap. Hoewel
deze toegevoegde functionaliteit de ontwikkelkosten mogelijk doet toene-
men, kunnen de totale kosten inclusief assemblage afmemen door de
verwachte afname van de benodigde nauwkeurigheid van de voorberei-
dende assemblagestap. Microsysteemtechnologie (MST) is geselecteerd als
fabricagetechnologie voor de productinterne functionaliteit, vanwege de
mogelijkheid om hiermee zeer kleine structuren te vervaardigen met
extreem hoge nauwkeurigheden, tegen potentieel lage kosten door middel
van parallelfabricage.
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Het doel van het onderzoek was de exploratie van de technische haalbaar-
heid van het gebruik van MST-gebaseerde productinterne
assemblagefuncties voor microassemblage. Het onderzoek is ingeperkt tot
een realistische productsituatie, waarvoor productinterne assemblage func-
ties zijn ontworpen, vervaardigd en getest: de nauwkeurige assemblage van
een optische fiber ten opzichte van een laser diode voor telecommunicatie-
doeleinden. Dit voorbeeld is geselecteerd vanwege de aanzienlijke
uitlijnuitdaging met de meest strikte nauwkeurigheidseisen loodrecht op de
voortbewegingsrichting van het licht.

Oplossingsprincipes voor de subfuncties fijnpositionering, grove assemblage
en eindfixatie zijn onderzocht en stapsgewijs ontwikkeld voor het fiber-
uitlijningsvoorbeeld, toenemend in complexiteit van 1-D naar 2-D
fijnpositionering, uiteindelijk resulterend in een totaalontwerp inclusief
geintegreerde mechanische klemmen voor de uiteindelijke fixatie. Demon-
stratieversies zijn ontwikkeld en gerealiseerd in het Delft Institute of
Microsystems and Nanoelectronics (DIMES) van de TU Delft.

In het vlak werkende MST-gebaseerde elektrothermische actuatoren zijn
geselecteerd voor fijnpositionering en klemmen van de fiber, vanwege de
hoge haalbare arbeid en de eenvoudige constructie. Twee V-vormige actua-
toren zijn gecombineerd met twee mechanismen met <111> vlakken. Deze
werken als wigelementen voor het converteren van de in het vlak werkende
actuatorbewegingen naar zowel in als uit het vlak positionering van de
fibertip. Fibertipverplaatsingen in een ruitvormig positioneerbereik van
meer dan 25 um in het vlak en 40 um uit het vlak zijn getoond met slechts
een beperkte hoeveelheid hysterese zichtbaar. Positioneerresoluties kleiner
dan 0.1 um zijn gemeten, waaruit kan worden afgeleid dat mogelijke stick-
slip ten gevolge van glijden van de fiber over de <111> vlakken niet van
belang is.

Uit tests met een vervaardigde mechanische klem, geschikt om zonder ver-
mogen klemkracht uit te oefenen, is gebleken dat deze succesvol kan
worden toegepast in combinatie met het positioneerconcept. De klem was
in staat om indirect de fiberpositie over te nemen, door een klemkracht aan
te laten grijpen op het wigmechanisme loodrecht op zijn positioneer-
richting. Uitschakelen van zowel de klemactuator als de positioneeractuator
resulteerde in een fiberpositieverandering van minder dan 0.1 um. Na een
serie trillingstesten was de klempositie niet zichtbaar veranderd, wat aan-
geeft dat de klem een stabiele eindpositie waarborgt. Met het ontwikkelde
fabricageproces kunnen de positioneerfunctionaliteit en de klemfunctio-
naliteit in dezelfde chip worden gerealiseerd.

Een ontwerp is gemaakt voor de grove assemblagestap die voorafgaat aan de
fijnassemblage met behulp van de ontwikkelde chip. Zelfuitlijning met
behulp van soldeer en gebruikmaking van lithografisch gedefinieerde
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mechanische uitlijnstructuren kan de benodigde plaatsingsnauwkeurigheid
van de gebruikte assemblage apparatuur reduceren, terwijl toch voldoende
nauwkeurige positionering van de laser diode en de fiber wordt bereikt om
de uiteindelijke fijnpositionering uit te kunnen voeren met in de chip inge-
bouwde microactuatoren. Een tolerantieanalyse toonde de haalbaarheid
van het voorgestelde grove assemblageproces, met uitzondering van de
grove uitlijning in de lengterichting van de fiber. In deze richting was nog
steeds een relatief nauwkeurige uitlijningsstap nodig door middel van
positieterugkoppeling met behulp van beeldherkenning.

Op basis van de resultaten is geconcludeerd dat het technisch mogelijk is
om MST-gebaseerde productinterne assemblage functies toe te passen voor
de nauwkeurige assemblage van een optische fiber ten opzichte van de laser
diode in het beschouwde productvoorbeeld. Niet alle gewenste aspecten
konden worden gerealiseerd, zoals ruimere grove assemblage-eisen in alle
richtingen. Positiemeting was extern uitgevoerd, maar dit was geen bezwaar
voor toepassing van de PIAF methode. Het is van groot belang gebleken om
in het PIAF ontwerpproces met alle relevante aspecten gelijktijdig rekening
te houden om het best mogelijke totaalresultaat te bereiken.

Tot op heden zijn geen voorbeelden bekend van toepassing van de PIAF
methode in commerciéle producten. Algemeen gesproken is toekomstige
toepassing verwacht in producten waarvoor microassemblage met submi-
crometer nauwkeurigheden in één of meerdere richtingen vereist is, en die
in voldoende grote hoeveelheden worden geproduceerd om de relatief hoge
MST ontwikkelkosten te rechtvaardigen. Het feit dat steeds meer producten
met MST-gebaseerde componenten worden toegepast in gebieden zoals
consumentenelektronica, telecommunicatie en de automobielindustrie is
veelbelovend voor de integratie van MST-gebaseerde productinterne
assemblage functies in deze typen producten in de toekomst.
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