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What are the possibilities of small but movable machines?
They may or may not be useful, but they surely would be fun to make.

Richard P. Feynman, Nobel Price winner in Physics 1965
in his talk �There's plenty of room at the bottom�





Abstract

Keywords: Optical scanner, Silicon, Microfabrication, Laser-�ber
coupling, MEMS

Being currently performed on highly complex and expensive equipments,
active optical alignment of single mode 10Gb=s transmitters and receivers is
proving to be the bottleneck process for high volume manufacturing. In order
to alleviate this production burden, new integrated technologies are required
to align micro-components like micro-lenses and optical �bers with photonic
devices. Although passive alignment using Silicon micro-machined V-grooves
seems to be very attractive at �rst, it has only been successfully implemented
for micro-lens which can tolerate up to several microns of misalignment.

To resolve the latter issue, we propose a MEMS XY scanner mounted with
a micro-lens to actively perform optical alignment of �ber optics modules by
steering a beam. Although similar techniques have been demonstrated, we
describe a unique technology using a 2x2.7mm silicon bulk micro-machining
chip characterized by� 30� m XY range of motion, electrostatic comb drives
actuation and a silicon hybrid lens with alignment locking capability.

This thesis presents the design, fabrication and operationprinciple of
an optical beam steerer for laser �ber coupling based on a MEMS device.
The MEMS chip consists on a bi-dimensional movable platformbased on
uni-dimensional comb drive actuation. An optical lens is assembled onto
the mobile platform to focus and steer the light coming from alaser diode
and couple it into an optical �ber. Assembly of a complete system and
measurements were performed and compared to simulation results. Both the
trajectory of the MEMS and resonance frequency measurements agree with
the simulated ones.





Résumé

Mots clés: Scanner optique, Silicium, Micro-fabrication, Couplage
laser-�bre, MEMS

Etant actuellement exécuté sur de très complexes et coûteuxéquipements,
l'alignement optique d'émetteurs et récepteurs de 10Gb=s à �bres optiques
monomodes se trouve être le talon d'Achille pour la fabrication à gros vol-
umes de tels systèmes. Dans le but de résoudre ces problèmes,de nouvelles
technologies doivent être développées pour aligner des micro-composants tels
que les micro-lentilles et les �bres optiques avec d'autresmodules optiques.
Bien que l'alignement passif utilisant des structures de guidage intégrées sem-
ble intéressant à premier abord, elles ne peuvent être utilisées e�cacement
que pour des micro-lentilles pouvant tolérer des erreurs depositionnement
de plusieurs micromètres.

A�n de résoudre ce dernier problème, nous proposons un nouveau scanner
bidimensionnel MEMS comprenant une micro-lentille a�n d'accomplir ac-
tivement l'alignement optique de modules à �bre optique pardé�exion d'un
faisceau de lumière. Bien que des techniques similaires aient été démontrées,
nous décrivons une technologie unique utilisant une puce ensilicium micro-
structuré de 2x2.7mm de côtés et caractérisé par un rayon d'action dans le
plan XY de l'ordre de � 30� m, un actionnement à l'aide de peignes inter-
digités électrostatiques et une lentille en silicium hybride permettant d'être
bloquée en place après positionnement.

Cette thèse présente la conception, la fabrication et le principe d'opération
d'un dé�ecteur de faisceau lumineux basé sur une puce MEMS pour le cou-
plage de la lumière entre une diode laser et une �bre optique.La puce MEMS
consiste en un scanner bidimensionnel mobile basé sur un actionnement uni-
dimensionnel à peignes interdigités électrostatiques. Une micro-lentille en
silicium est assemblée sur la plateforme mobile a�n de focaliser et dévier un
rayon laser -provenant d'une diode laser- et de le coupler dans une �bre op-
tique monomode. L'assemblage d'un système complet a été accompli et des
mesures ont été e�ectuées à l'aide de ce module. Les résultats ont été com-
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parés à ceux obtenus lors des simulations. Autant la mesure de la trajectoire
du MEMS que sa fréquence de résonnance correspondent très bien avec les
simulations.
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Chapter 1

Introduction

Due to the limitations of data transmission by electrical connectors and ca-
bles, demand for reliable, fast and cheap optical networks increased these
last decades. Optical networks components ful�lling complex requirements
have to be developed and improved in various domains. A typical optical
�ber network contains, but not limited to, at least some of the following
components:

� Optical �ber. Can be either monomode or multimode. A monomode
�ber allows only one mode to be transmitted into its core while a mul-
timode �ber allows the transmission of several modes.

� Coupling system. This component is used to inject the light coming
from a light source into an optical �ber.

� Switching unit. This component allows to switch the information com-
ing from one �ber to another.

� Wavelength demultiplexer. This component performs the separation of
the di�erent wavelength traveling into an optical �ber.

� Wavelength multiplexer. This component allows to inject into a single
�ber several signals of di�erent wavelengths.

� Optical attenuator. This component can modify the amount oflight
of a channel. By masking part of the beam, it allows to modify the
intensity of the light coming out of the optical �ber.

� Optical detector. This components detects the light signalcoming out
of the �ber and translates it into an electrical signal usable for the
destination computer or server.
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In computer networking, a transceiver (sometimes abbreviated to TCVR)
is a device that performs, within a common housing, on one enclosure, both
transmitting and receiving functions. It is sometimes designed for portable
or mobile use, uses common circuit components for both applications, which
provides half-duplex operation [6].

Fiber optical modules manufacturing have been recognized as a key chal-
lenge in meeting the anticipated demand for high bandwidth telecommuni-
cation equipment.

Incoming transceivers technology will enable data �ow rateof 40 giga-
bit [7]. The increasing demand is due to the endless need for high speed data
transmission. During these last years, computer users did not want to be
limited to watch pictures or listen to music on the Internet (for example),
they also want to watch live TV or movies with a high digital quality as
HDTV. This is only possible by increasing the transmission rate of data.

Being currently performed on highly complex and expensive equipments [8],
active optical alignment of single mode 10Gb=s transmitters and receivers
is proving to be the bottleneck process for high volume manufacturing. Fig-
ure 1.1 shows a scheme of a complete system currently built atIntel Corpora-
tion. The represented device is packaged in a butter�y housing (Figure 1.2).
Among all challenges, submicron optical alignment for single mode �ber re-
mains the predominant di�culty [9]. Performed on complex and expensive
stations, optical active alignment is carried out by adjusting the optical ele-
ments mounted on metallic clips. First, they are pre-aligned and attached to
the substrate. Then, if position correction is required, the metallic clips are
deformed by laser hammering in order to reach the optimized position [10].
Other alignment technology can be found based on passive alignment using
V-grooves or other techniques [11�15]. But in these cases, the optical setup
has to tolerate misalignments of a couple of microns [16]. Another solution
is to use large alignments systems based on piezoelectric orstep up motor
actuation driven by speci�c algorithms [17�19].

In order to alleviate this production burden, new integrated technolo-
gies are required to align micro-components like micro-lenses and optical
�bers with photonic devices. Although passive alignment using Silicon micro-
machined V-grooves seems to be very attractive at �rst [20],it has only been
successfully implemented for micro-lens which can tolerate up to several mi-
crons of misalignment [21]. Alternative solutions such as active MEMS align-
ment techniques have been employed mainly for switching applications. They
are based on actuated micro-mirrors, causing incident collimated beams to
be re�ected onto another mirror or a focusing lens to illuminate a wave-
guide [22, 23]. A feedback loop mechanism is usually employed to dynam-
ically optimize the coupling. Mostly used to select opticalchannels, these
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Figure 1.1: Optical transceiver currently
built at Intel (Courtesy Intel Corporation).

Figure 1.2: Optical
transceiver packaged in
a butter�y housing (Courtesy
Intel Corporation).

micro-mirror active alignment methods are subject to the substantial inser-
tion losses generated by the required collimators and pigtailling [24].

To reduce the alignment struggle during the assembly, a XY micro stage
has been developed. It consists of a scanning platform with amounted micro-
lens on top. After a passive alignment of the components and the sealing of
the package, a �ne tuning of the lens position can be made by actuating the
MEMS chip [25]. Once the maximal coupling e�ciency is attained with a
feed-back loop control, the lens can be locked in the optimalposition. A new
device had to be developed because the existing lens-based beam steerers,
for example the ones described in [26, 27], did not reached all the desired
speci�cations such as displacement range or maximal voltage. For example,
the optical lens scanner presented by K. Takahashi [28] could theoretically
reach the desired displacement range but the lens is too small and it is not
possible to lock it in place once the optimal position reached. In [29], Kim
and al. presents a micro XY-stage with a large enough displacement and
platform size but the overall footprint of the chip (17x17mm2) is too large
for the intended application.

Other types of components exist to steer light; some are based on tilting
mirrors [30�32], liquid crystals [33�36] and more.

This thesis will describe the development and characterization of the
MEMS XY beam steerer. First, the basic concepts used during develop-
ment, fabrication and characterization will be described (Chapter 2). This
chapter explains the fundamentals needed to fully understand the challenges
and the choices made during the MOPOS (Micro Optical POsitioning Sys-
tem) project.
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In chapter 3, the concept of the project will be developed. From the
system con�guration to the �nal design, all major choices and decisions will
be explained and simulation results will be shown.

Then, after describing the fabrication process (Chapter 4), the results and
characterization of the chip and the fully assembled systemwill be shown
(Chapter 5). In this chapter, measurement results will alsobe compared
with the data obtained during the simulation of the system.

Conclusion of the performed work and obtained results will �nally be
presented.
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Fundamentals

In this chapter, the basic theory of the concepts used for this thesis work will
be presented. First, some principles used in movable MEMS will be discussed.
These devices are commonly composed of a mobile structure held by mechan-
ical springs and displaced by actuators. Second, some micro-fabrication steps
will be explained. Then, some optical considerations will be exposed. Finally,
the Veeco/Wyko NT1100 optical pro�lometer with dynamic measurements
module (DMEMS) and the sticking phenomenon will be described.

2.1 Mechanical springs

In MEMS, when movable structures are used, the latter have tobe attached
to �xed parts of the device by suspension springs. Dependingon the struc-
tures and the direction of motion of the mobile parts, di�erent shapes are
given to these springs. When comb-driven actuation is performed, the mov-
able comb-drives have to be mobile but only in one direction.It is therefore
highly desirable to have a spring very compliant in the targeted direction
and sti� in the orthogonal one at the same time. Many di�erent types of
spring designs, such as [37] clamped-clamped beams, crab-leg �extures and
folded-beam �exture, can be found in comb drive microactuators. In many
applications, folded-beams are used. They o�er the advantage of much higher
sti�ness in one direction and a very high compliance in the other one [38].

The value of the mechanical force of a complied beam is given by:

FM = kbeamx (2.1)

in the opposite direction than the movable end of the spring displace-
ment x. The value of the elastic spring constantkbeam is calculated as follows:

kbeam =
12EI

L3
(2.2)
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Figure 2.1: Schematic of a folded beam spring.

Where L is the length of the beam,E is the Young's modulus. The
moment of inertia I of a rectangular beam with a width oft and a height of
h, without rotation of the movable part, is given by [39]:

I =
Z y2

y1

dy
Z z2

z1

z2dz (2.3)

I rectangular =
Z h=2

� h=2
dy

Z t

� t
z2dz (2.4)

=
ht3

12
(2.5)

The resulting force for a simple beam is then determined by:

FM =
Eht 3

L3
x (2.6)

If such beam is used, in addition to the desired displacement, a perpen-
dicular movement is also induced. To avoid this undesired motion, a second
one can be added symmetrically. In this case, the displacement parallel to
the beam axis is replaced by a large stress due to elongation of the beam.

In order to avoid these phenomena, folded-beam �extures [38] are com-
monly used (Figure 2.1). The principle is to design a �u-shaped� beam with
a rigid elbow. In this case, the movement along the perpendicular axis is the
same for both beam ends and is absorbed by the elbow end of the structure.

The restoring force for such an element is given by:

FMfolded = 2kbeam
x
2

(2.7)

=
Eht 3

L3
x (2.8)
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2.2 Electrostatic actuators

In MEMS devices, several actuation principles are used [40�42]. For some
applications, a layer of piezoelectric material is deposited on the substrate.
In other ones, a ferromagnetic component is created on the device, in order
to actuate it with an external magnetic �eld [43, 44]. Other devices use
the thermal expansion [45�47] properties of materials to obtain in-plane or
out-of-plane displacements. All these methods require thedeposition and
patterning of one or more additional layers on the silicon wafer surface. It
is also possible to displace movable parts by applying a voltage di�erence
between the various parts of the device to create electrostatic actuation [48�
50].

2.2.1 Parallel plate actuation

A plan capacitor (Cp) is formed of two parallel plates at an initial distance
d0, charged with an amount of charge q when a voltage U is applied.

The electrical force is de�ned by [51] :

FE = �
1
2

@Cp
@x

U2 (2.9)

In the case of a 1D displacement perpendicular to the plates,one obtains,
starting with an initial distance D between the plates:

Cp = � 0� r
S
D

(2.10)

FE = �
� 0� r

2
hw

(d0 � x)2
U2 (2.11)

Where S = hw is the surface of the plates and x is the relative displace-
ment of one surface coming closer to the other.

Typically, electrostatic parallel plate actuators (Figure 2.2) are limited to
small motion or bistable operation because large motion [52] can lead to the
�pull-in� e�ect in which the actuator snaps closed [53�55].The relationship
between the actuator voltage and gap in equilibrium is plotted in �gure 2.3.
There is a maximum voltageVpi for which the equilibrium exists. This pull-in
voltage corresponds to a gapd=d0 = 2=3. The maximal controlled displace-
ment is:

xV pi =
1
3

do (2.12)
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Figure 2.2: Schematic of a parallel plate capacitor.

If the voltage is increased slightly aboveVpi , the snap-in phenomenon
occurs. Vpi can be determined as follows:

Vpi =

vu
u
t 8kd0

2

27C0
(2.13)

Where k is the spring constant of the system linked to the mobile elec-
trode.

It is possible to drive this kind of actuator by using charge control. For
small parasitic capacitance (Cp < C 0=2), there is one unique equilibrium gap
for every value of charge between zero andqd, the charge required to close
the actuator. For larger parasitic capacitance, the snap-in gap is related with
the value of this capacitance [56].

In order to increase the displacement range of a parallel plate actuator,
lever systems have to be used [57, 58].

2.2.2 Comb-drive actuation

Comb-drives are often used in devices with structures held by mechanical
springs. They can be used either for in-plane rotational [59], lateral actua-
tion [29, 60�62] or out-of-plane motion [63].

In the case of comb-drives, we do not have only the force seen previously
but also an additional one due to the overlap perpendicular to the displace-
ment.

If h is the height of the device,NF is the number of �ngers andg is
the gap between the combs, the resulting force is for a voltage U can be
approximated as follows [64, 65]:

FE � � � 0� r
hNF

g
U2 (2.14)
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Figure 2.3: Plot of the voltage versus displacement of a parallel plate capacitor
(example). The pull-in occurs at about one third of the maximal displacement.

Figure 2.4: Schema of comb-drives held by springs.

As the elastic force of a beam is given by equation 2.15 whereE is the Young's
modulus,L is the length of the spring andt is its width:

FM =
Eht 3

L3
x (2.15)

The sum of the forces in the situation of �gure 2.4 gives the following
displacement versus the voltage:

x =
1
2

� 0� rNFL3

gEt3
U2 (2.16)

In this case, the displacement varies in function of the square of the
voltage.

These equations and especially equation 2.14 are valid onlyif the movable
combs are perfectly centered between the �xed ones. If it is not the case, the
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lateral forces of parallel-plate type as seen in section 2.2.1 are not the same
on each side, creating an instability in the system. Comb-drives actuation
can be described as an instable equilibrium. To avoid any lateral motion of
the movable part of the actuator, the mechanical springs have to be correctly
designed and optimized.

2.3 Technology

In this section, a brief overview of the microfabrication processes will be
shown. Fundamental principles and physical laws relevant for this work will
be investigated.

In microtechnology, almost all the fabrication steps are based on chemical
reactions either by placing the substrate in a chemical �uidor into a plasma.
In order to protect the parts of the wafer that should not react with its
environment, a mask with the desired pattern is deposited onthe substrate.
The technology used for this step is called photolithography.

2.3.1 Photolithography

In photolithography, a layer of photoresist is spun (or sprayed [66]) on the
surface of the wafer. Then, after a short prebake, the wafer is exposed to
light coming from a UV lamp and passing through a chrome mask.This mask
stops the light where the metal is and is optically transparent anywhere else.
As the resist spun is photosensitive, it reacts with the incoming light. There
are two photoresist families; the positive and the negativeones. Positive
resists are rendered soluble in developer when exposed to UVlight. Negative
resists are rendered insoluble in developer when exposed toUV light.

Once the photoresist is exposed, it is developed in a developer (solution
typically made from diluted KOH or NaOH), and postbaked in anoven.

This photoresist mask can then be used as a mask in almost every etching
bath or plasma to pattern the underlying layer.

2.3.2 Silicon oxide growth/deposition

Semiconductors can be oxidized by various methods [67]. These include
thermal oxidation, electrochemical anodization, and plasma reaction. In this
section, a brief overview of thermal oxidation and oxide deposition is shown.
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Thermal oxidation

Among the oxidation methods, thermal oxidation is by far themost impor-
tant for silicon microfabrication. The thermal oxidation setup consists of a
fused quartz tube heated at high temperature. The silicon wafers are inserted
into the tube with a fused quartz boat.

Thermal oxidation in oxygen or water vapor is describing by the following
chemical reactions:

Si(solid) + O2(gas) �! SiO2(solid) (2.17)

Si(solid) + 2H2O(gas) �! SiO2(solid) + 2H2(gas) (2.18)

Equation 2.17 describes the reaction of dry thermal oxidation and equa-
tion 2.18 explains the principle of wet oxide formation. Forthick layers of
oxide, the wet process is used because for a given temperature and time, the
oxide �lm obtained is about 5 to 10 times thicker than that using dry oxida-
tion [67]. Figure 2.5 shows experimental results of wet oxide thickness as a
function of the reaction time. Nevertheless, as the oxidation rate decreases
with time, it becomes very expensive and time consuming to grow thick lay-
ers of oxide. This explains why standard thermal oxide layers are typically
limited to 3� m or less.

Silicon oxide deposition

Dielectric layers such as - but not limited to - silicon oxidecan be commonly
deposited by three deposition methods [67]: atmospheric-pressure chemical
vapor deposition (CVD), low-pressure chemical vapor deposition (LPCVD),
and plasma-enhanced chemical vapor deposition (PECVD) [68]. Table 2.1
summarizes the advantages, disadvantages as well as pressures and temper-
atures for these three types of CVD deposition [5].

2.3.3 Metalization

In microsystems, chips have to be metalized to connect electrically di�erent
parts of the chip and contact the device to the driving electronics. The metal
is typically deposited by evaporation, electro- or electroless deposition [69�
71]. In some applications, a deposition of gold on the whole chip is made
without any patterning step [72, 73]. In other situations, the metal layer
has to be patterned. Several technologies can be used to obtain a patterned
metalization.
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Figure 2.5: Experimental results obtained in the oxidation oven of our clean-
room of silicon dioxide thickness as a function of reaction time for a temper-
ature of 1100� C.
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Process Advantages Disadvantages Pressure/
Temperature

CVD Simple, high deposi-
tion rate, low temper-
ature

Poor step coverage,
particle contamina-
tion

100-10kPa /
350-400�

LPCVD Excellent purity
and uniformity,
conformable step
coverage, large wafer
capacity

High temperature
and low deposition
rate

100Pa /
550-600�

PECVD Lower substrate tem-
peratures, fast, good
adhesion, good step
coverage, low pinhole
density

Chemical (e.g. hy-
drogen) and par-
ticulate contamina-
tion

200-600Pa /
300-400�

Table 2.1: Review of some of the standard oxide deposition processes [5].

Metal Etchant
Nickel Nitric, sulfuric or phosphoric acids

Titanium Hydro�uoric, phosphoric or sulfuric acids
Gold Gold etch (e.g. KI+I 2)

Aluminum �Alu etch� (H 3PO4+CH 3COOH+HNO 3+H 2O)
Chrome �Chrome etch� (e.g. H2CrO4+H 2SO4)

Table 2.2: List of some metals commonly used in microfabrication and cor-
responding etchants.

Chemical etching

Wet chemical etching is a well established standard technique for metal pat-
terning. It exists an etchant for every metal commonly used in microfabri-
cation.

Table 2.2 shows some examples of metals and their etchants. For most of
the metals not etched in common acids (i.e. platinum), aqua regia at high
temperature can be used. The major disadvantage of this technique is that
the etch time can be quite long for thick metal layers. As these etchings
are isotropic, underetching can be important. Furthermore, to pattern the
metal, a layer of photoresist has to be spun on the wafer and itis almost im-
possible if deep structures are already opened on the surface of the substrate.
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Figure 2.6: Wet etching process for pattern transfer.

Finally, this process needs the wafers to be immersed into a liquid solution.
Sometimes, any wet processes have to be avoided.

It also exists a dry chemical etching technology. It is basedon a plasma
etching (similar to silicon dry etching, Section 2.3.4) technology. Depending
on the gases forming the plasma, it is possible to vary the etch rates and
selectivities on various materials. The disadvantage of this technology is that
usually, the plasma etching is feasible only for one wafer ata time while wet
etching can be made for several wafers at the same time, it is less expensive
and less time consuming. Figure 2.6 shows the wet etching principle.

Lift-o� process

In the lift-o� technique, a photoresist (typically positiv e) is used to form the
pattern on the substrate (Figure 2.7 a) and 2.7 b)). The �lm (typically metal)
is deposited over the resist and the substrate (Figure 2.7 c)); the thickness
of the �lm must be smaller than that of the resist. Those portions of the
�lm on the resist are removed by selectively dissolving the resist layer in an
appropriate liquid etchant so that the overlying �lm is lift ed o� and removed
(Figure 2.7 d)). The lift-o� technique is capable of high resolution and is
used extensively for discrete devices. It is the easiest method, because it
involves only one mask step and the photolithography is completely standard.
However, it is not as widely applicable for very-large-scale integration in
which dry etching is the preferred technique [67].

The main disadvantage of this method (for standard positivephotoresists)
is that �lm is deposited on the sidewall of the photoresist and will generally
continue to adhere to the substrate following resist removal. This sidewall



2.3 Technology 15

Figure 2.7: Lift-o� process for pattern transfer.

may peel o� in subsequent processing, resulting in particulates and shorts,
or it may �op over and interfere with etches or depositions that follow. De-
pending on how robust the �lm and substrate are, sidewalls from deposited
�lm can be removed using a gentle swipe of a clean-room swab ora directed
stream of acetone from a squeeze bottle [74].

To avoid the deposition on the sidewalls, lift-o� resist (LOR) can be used.
The LOR is �rst spun on the wafer and baked, then standard photoresist is
spun on and baked. The resist is exposed as usual, and then thesubstrate
is developed. The standard developer will clear the exposedareas, but will
also �etch away� the LOR, leading to undercutting of the photoresist. It is
this overhang that prevents sidewall deposition of �lm. Theresist can be
lifted-o� using a speci�c solvent. Because the overhang pro�le is caused by
undercutting the resist, care must be taken to avoid completely undercut-
ting (and lifting o�) very narrow geometries. Metalization using the lift-o�
process has other advantages. With this technique, the deposited metal is
never in contact with the silicon wafer on the areas that should not be met-
alized. This limits the possible cross-contamination thatcan cause problems
for sensors, for example.

Shadow mask

This technique is based on the lift-o� principle but by usinganother struc-
tured wafer instead of patterned photoresist. Photoresistis spun and pat-
terned on a wafer. The latter is then etched through in order to form holes
having the same shape than the desired metalization. The wafers are put
in contact (Figure 2.8 b)) and the metal is evaporated on its surface (Fig-
ure 2.8 c)). Metal particles will also get into the holes and deposit on the
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Figure 2.8: Shadow mask process for pattern transfer.

silicon wafer to be metalized. Finally, the perforated wafer has to be taken
o� (Figure 2.8 d)).

The major advantage of this method is that, for thick metal layers, the
metal is not deposited on the whole wafer but only on the spotswhere it has
to be in the end of the process. This method has three major inconveniences:

1. It is not possible to create small and very precise structure. As the mask
is made of another silicon wafer etched through, DRIE limitations do
not permit very thin and small features.

2. The stress of the metal deposition is applied on the mask. As the
latter is not bonded to the silicon wafer, a certain bow is created and
it results in the formation of a variable gap between the maskand the
wafer. This gap produces a deformation of the �shadow� of themask,
returning an inhomogeneity in the deposition of the metal layer.

3. It is very di�cult to align the wafers and to hold them toget her pre-
cisely. This method is then preferably used in the beginningof a pro-
cess.

Nevertheless, this technique can be used and works well for large areas
with a low precision required. It is also possible to create smaller struc-
tures by patterning them in a silicon nitride membrane and opening large
grooves in the silicon by KOH. Although this method allows small and pre-
cise structures, their alignment on the wafer with existingstructures is very
challenging.
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2.3.4 Silicon dry etching

In microfabrication, silicon substrates are usually used due to its semicon-
ductor properties and its low price. Silicon is also suitable for bulk micro-
machining thanks to its single cristal arrangement and its good mechanical
properties. It is possible to etch it either in a wet or in a dryway. The
wet etching of silicon is made in a potassium hydroxide (KOH)bath and dry
etching in a plasma process called RIE (Reactive Ion Etching) [75�78].

In RIE, the substrate is placed inside a reactor in which several gases
are introduced. A plasma is created in the gas mixture using an RF power
source, breaking the gas molecules into ions. The ions are accelerated and
react at the surface of the material to be etched, forming another volatile
material. This is known as the chemical part of reactive ion etching. There
is also a physical part which is similar in nature to the sputtering deposition
process. If the ions have high enough energy, they can knock atoms out of the
material to be etched without a chemical reaction. It is a very complex task
to develop dry etch processes that balance chemical and physical etching,
since there are many parameters to adjust. By changing the balance it is
possible to in�uence the anisotropy of the etching. As the chemical part is
isotropic and the physical part highly anisotropic, the combination can form
sidewalls that have shapes from rounded to almost vertical.

DRIE Principle

Silicon deep reactive ion etching (DRIE) is a versatile tool for the fabrication
of MEMS. It enables bulk micromachining of silicon with aspect ratios (ratio
depth to width) up to 30:1 and sidewall angles of 90� � 1 � . Compared to
other bulk micromachining methods it is anisotropic and independent of the
crystal orientation. Therefore, it allows a high degree of design freedom.
Feature sizes in the submicron range can be realized. It can be used for
many di�erent applications by combining it with other technique [79�83].

The basic idea of silicon deep reactive ion etching (DRIE) is an alternating
etch and surface passivation steps. This process has been developed and
patented by Robert Bosch GmbH [84]. The dry etching of siliconaccording
to this principle is also called High Aspect Ratio Silicon Etching (HARSE),
Bosch Deep Silicon Etching, or Advanced Silicon Etching (ASE; Trademark
of Surface Technology Systems Ltd. [85]).

Depending on the etch depth and the mask layout, the etch ratecan be
over 10� m=min [86], the surface roughness of the sidewall as low as a couple
of tens of nanometers, or the homogeneity of the etch depth less than � 3%
(on a 4" wafer). However, the �nal etch result is mostly a compromise. With
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a high etch rate, the surface roughness increases, with a large etched silicon
area the inhomogeneity will increase to above� 10%[87, 88].

For this process, SF6 and C4F8 are the standard gases. It exists also other
chemistries combinations with di�erent etch rates and properties. The SF6

gas supplies �uorine radicals for spontaneous isotropic etching of exposed
silicon as shown in equations 2.19 to 2.22 [1].

SF6 + e� �! SxFy
+ + SxFy

� + F � + e� (2.19)

Si + F � �! Si � nF (2.20)

Si � nF
ion energy

�! Si � Fx (ads:) (2.21)

Si � Fx (ads:) �! Si � Fx (gas) (2.22)

The C4 F8 plasma deposits a (CxFy)n polymeric passivating layer on all
substrate features. The directional ion energy supplied bythe capacitively
coupled platen electrode during the etch step preferentially removes the pas-
sivation from the base of the features hence exposing silicon for spontaneous
etching. The balance between etch and passivation determines the �nal pro-
cess results and this balance can be controlled through a wide variety of
process parameters (etch cycle time, SF6 �ow rate, etch cycle powers and
pressures, C4F8 �ow rate, ...) [1, 89]. A schematic of a typical deep reactive
ion etching system is shown in �gure 2.9. To achieve reproducible results,
any metal contamination has to be avoided in the chamber. If some metal
particles (for example) are present during etching, the etching quality can
di�er at several levels (sidewalls roughness, etching speed, and more).

For the fabrication of movable structures, silicon-on-insulator (SOI) wafers
are often used. The oxide beneath the silicon device layer acts as an etch stop.
By a subsequently removal of the oxide the structures are released. During
the etching of such a wafer, the etching stops on the Si/SiO2 interface due to
the di�erent etch rates of silicon and silicon dioxide. Unfortunately, in these
circumstances, the notching problem can appear.

Notching

Notching is a phenomenon that occurs during a DRIE etching [90, 91]. The
etch rate is not the same on the whole wafer but depends on the size of the
etched structures. In consequence, the oxide layer will be reached earlier
in larger opened structures. Once this layer attained, the vertical etch is
almost stopped but a lateral etching appears in the interface. This horizontal
opening is very thin and is often not a problem. Sometimes, especially for
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Figure 2.9: Schematic view of a modern DRIE system [1].

Figure 2.10: Schematic view of the notching e�ect.

small structures, it can cause problems. Figure 2.10 shows aschema of the
notching principle.

One solution to avoid this phenomenon is to use standard silicon sub-
strates combined with the SCREAM process [92, 93] but it has some other
disadvantages we will not detail here.

2.3.5 Silicon wet etching

As mentioned, wet etching using KOH can be used to pattern silicon struc-
tures [94�96]. It dissolves a given cristal plane much faster than other planes.
This results in orientation-dependent etching. The di�erent etch rates of
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KOH, at about 80 � C, are the following:

� 0.6� m=min for the (100)-plane

� 0.1� m=min for the (110)-plane

� 0.006� m=min (60�A=min) for the (111)-plane

This orientation dependant etching of <100>-oriented planes through a
patterned mask (made of silicon nitride or silicon dioxide)creates precise
V-grooves. The obtained structures have an angle of 54.7� from the (100)-
surface. If <110>-oriented is used, vertical walls with sides of (111)-planes
can be etched [67, 97].

2.3.6 Delay mask process

DRIE etching principle, used to etch deep vertical structures into silicon,
is explained in section 2.3.4. To create more complex 3D structures it is
possible to use this process with di�erent etch times in order to get struc-
tures with di�erent etching depths [98]. Figure 2.11 shows the process �ow
of this technology. As it is not possible to perform a reliable and precise
photolithography on a wafer processed with deep trenches, the two masks
(for a two step delay mask process) have to be de�ned before the �rst DRIE.
The basic principle is then to etch �rst the shape given by thesurface mask
(Figure 2.11 h)), to remove it and then to etch again with the second mask
(Figure 2.11 j)). Of course, the second mask should not be stripped during
removing the �rst mask. For this reason, the �rst mask can be made of pho-
toresist but the second one has to be made of metal or oxide. Asmetal masks
can cause problems inside the DRIE chamber, an oxide mask is commonly
used.

To create this mask, an oxide layer has to be grown on top of of the silicon
wafer. The oxide thickness depends on the depth of silicon tobe etched. In
standard DRIE processes, the selectivity between oxide and silicon is about
one to one hundred. It means that if 100� m have to be etched, an oxide
mask of at least 1� m is needed. That way there is no etch depth limitations
but as shown in section 2.3.2, it is not standard to create oxide thicknesses of
several micrometers. The etching depth is then limited to about one hundred
times the maximal oxide thickness available.

2.3.7 Oxide etching

Oxide can be etched either in a wet, dry or quasi-dry way.
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Figure 2.11: Schematic of the delay mask process. a) Bare wafer. b) Growth
of an oxide layer. c), d), e) and f) Patterning of the oxide by photolithogra-
phy. g) and h) Patterning of the photoresist mask. i) First DRIE. j) Strip-
ping of the photoresist mask. k) Second DRIE. l) Removal of the oxide mask
(optional).
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Figure 2.12: Schematic cross section view of a vapor etcher [2].

Dry etching of silicon dioxide is based on plasma technology. This process
can be done either isotropically or with a certain directionality.

The wet etching of the oxide is performed in a HF or BHF bath.
BHF is a solution of concentrated HF (49%), water, and a bu�ering salt,

NH4F. This solution is referred to as bu�ered HF, or BHF. The bu�ering
agent is added to maintain a constant pH, and thus a constant etch rate, as
the HF is consumed in its reaction with SiO2 [99]:

SiO2 + 4HF + 2NH 4F *) 2NH +
4 + SiF 2�

6 + 2H2O (2.23)

HF can be used to etch SiO2 either in a wet or vapour phase way. For
wet HF etching, the substrate is immersed in an HF bath the same way than
with BHF. In that case, the chemical reaction is the following [99]:

SiO2 + 6HF *) 2H + + SiF 2�
6 + 2H2O (2.24)

For some applications, when the wet process has to be avoidedand the
dry etching is not suitable, it is possible to use the quasi-dry etching process
based on vapor phase HF [100].

The arrangement for the HF/H2O etching is shown in �gure 2.12. A te�on
vessel containing hydro�uoric acid at a concentration of 50% in H2O is closed
with a cap. On this cap, the wafer is placed on a heater in orderto be able
to heat the wafer to a precisely controlled temperature. Thetemperature
of the wafer [101] or the di�erence between the HF solution and the wafer
determines the etching rate of the process [102]. Furthermore, the etching
time has also an in�uence on the etch rate. This can be explained by the
fact that the HF vapor etch has an incubation period before etching really
starts [101, 103].
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2.4 Optical components

In Optical MEMS, the most frequently used optical components are [104,
105]:

� Micromirrors

� Microlenses

Some examples will be given about these two research �elds.

2.4.1 Micromirrors

MEMS mirrors are commonly used for applications such as but not limited
to switches, scanners or displays.

For some applications, the surface of the wafer is used [30, 32]. As the sur-
face of the wafer is polished, it has very good optical properties and very little
roughness. For this reason, it is possible to re�ect light with very low losses.
Depending on the wavelength of the light, the surface has to be metalized
to become re�ective because silicon is transparent in the infrared region. In
optical telecommunications, the light commonly used has wavelengths com-
prises in the infrared, between 1310 and 1620nm. As silicon is transparent
in this part of the spectrum, a layer of gold (or aluminum) is deposited on
the silicon micromirror.

In other applications, the mirror is vertical in the silicon wafer [72, 73,
106�109]. In this case, the surface used is etched into the silicon by DRIE
(Section 2.3.4), but it is quite di�cult to obtain an optical ly �at surface with
such a process.

It is also possible to create inclined mirrors with KOH etching technol-
ogy (Section 2.3.5) or vertical ones precisely de�ned by thesilicon crystal
planes. Di�erent research groups also carried out experiments to combine
both techniques in order to have the design liberty given by DRIE etching
and optically �at surfaces de�ned by the crystal planes of silicon [82, 97].

2.4.2 Microlenses

Microlenses are not very often used in MEMS chips. There are some applica-
tions such as scanning, switching or beam steering but most of the systems
are made using a micromirror. The reason is that it is much more di�cult to
integrate a lens into a MEMS device than a mirror. In the next subsections,
the light coupling problem will be discussed and the microlens fabrication
will be presented.
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Figure 2.13: Standard method for the coupling of light between a laser diode
and an optical �bre. The light is �rst collimated and then focused into the
core of the optical �ber.

Light coupling

Light coupling is a bottleneck to a larger use of optical telecommunications.
The optimization of the amount of light coming from a laser diode and in-
jected into an optical �ber is still quite expensive and timeconsuming. It
is currently performed by expensive laser-welding stations using technolo-
gies such as laser welding and hammering [10] or mechanical deformation of
�extures [110] as seen in chapter 1.

Figure 2.13 shows the standard principle of light coupling.The light
emitted by the laser diode is collimated by a �rst lens. It transforms a
diverging beam into a well-de�ned collimated beam. Then, a second lens
focus the collimated light beam into the core of the optical �ber. As the core
of single mode �bers is typically 5 to 10� m in diameter [111], the optical
system has to be positioned very precisely.

Even if a perfect alignment could be performed, miniaturized light cou-
pling would never reach 100%. This is due to physical constraints such as
di�raction (Section 2.4.3) and the angle of aceptance of theoptical �bers
(Section 2.4.4).

Microlenses fabrication technology

A large variety of fabrication techniques have been appliedto the fabrication
of refractive micro optical elements [112]. The two main methods used are;
surface pro�le and gradient-index optics [113]. Here, we will only explain
one technique used to build silicon based microlenses. Thismethod is based
on two basic microfabrication steps explained in section 2.3: photolitography
and silicon dry etching. Details about fabrication of di�ractive micro optical
elements can be found in [114, 115].
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Figure 2.14:Microlens fabrication technology using photoresist re�ow. a) Ex-
posure of photoresist with a cylindrical shape. b) Development of the pho-
toresist to obtain resist cylinders. c) Photoresist re�ow to obtain a spherical
shape. The shape can then be transferred into the substrate by RIE. [3]
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The way to fabricate refractive microlenses is by melting cylindrical �is-
lands� of photoresist (or similar polymer material) [116].Figure 2.14 shows
the fabrication process [3].

First, a photoresist layer is patterned lithographically to form small cylin-
ders on a substrate. This substrate can be made of silicon, orquartz, depend-
ing on the wavelength to be used in the �nal application of themicrolens. For
infrared light, silicon is generally used as it is transparent for this wavelength
range [117].

Second, the obtained structure is heated to a temperature above the glass
temperature of the photoresist (Typ, T � 160� ). At these temperature, the
photoresist melts and its surface changes in the way to minimize its surface
tension energy [118]. This is usually called the �re�ow�process. The shape
obtained is approximately spherical and the focal distanceof the obtained
photoresist lens (down to a certain size, limited by di�raction) can be deter-
mined by:

f =
r c

n � 1
(2.25)

The radius of curvature can be determined either from the volume of the
initial photoresist cylinder of thicknesst and diameterD:

Vcyl = �
� D

2

� 2

� t (2.26)

or after its re�ow:

Vcap = �h 2 3r c � h
3

(2.27)

whereh is the sag of the lens.h is related to the radius of curvature and
the diameter of the lens by [113]:

r c =
h2 + D 2

4

2h
(2.28)

By assuming that the photoresist volume does not change during re�ow,
there is a relation between the initial photoresist layer thickness and the lens
sag:

t =
h
6

 

3 + 4
h2

D 2

!

(2.29)

Starting from equations 2.28 and 2.29 it is possible to determine the re-
quired photoresist thickness for a lens with a diameterD and a focal distance
f desired. Figure 2.15 shows the relation between these threeparameters.
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Figure 2.15:Focal length of a photoresist microlens depending on its diameter
and the initial photoresist cylinder thickness.
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Once the photoresist microlens is formed it can be used directly [119].
It is usually the case for CCD and CMOS image sensor. For some appli-
cations, �ink jet�lenses are also used. As seen in �gure 2.14, it can also be
transferred into the substrate [120, 121]. This operation is performed by dry
etching, typically RIE (Reactive Ion Etching). During etching, by adapting
the parameters of the machine, it is possible either to replicate exactly the
shape of the lens or modify it by changing the etch rate of photoresist versus
the etch rate of the substrate. This technique is used for example to obtain
relatively high microlenses having a large diameter and a high sag. In this
case, the photoresists does not melt with creating a spherical shape. Thus, a
thinner photoresist lens is patterned and a higher etch rateof the substrate is
performed. This creates a lens with the same diameter than the photoresist
one but with a higher sag. In this case, the shape of the microlens is not
perfectly spherical but has a given deviation from the spherical shape. This
deviation from a perfect spherical shape is called the K factor of the lens. In
this case, the radius of curvature of the lens is given by:

r c =
h(K + 1)

2
+

(D=2)2

2h
(2.30)

The lens shape can be deducted from the K factor with the following
rules:

K > 0 Ellipsoid
K = 0 Sphere
-1 < K < 0 Ellipsoid
K = -1 Paraboloid
K < -1 Hyperboloid

This process can be used either to create single lenses or arrays of lenses [122].
Some optical microsystems are based on ball lens [123, 124].The fabri-

cation process of these will not be described here and can be found in [125].

2.4.3 Microlenses performance

The performance of microlenses is limited by two main factors:

� Di�raction

� Aberrations
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What is di�raction?

In this subsection, the phenomenon of di�raction of light isdiscussed. The
di�raction limits the e�ciency of microoptical components such as microlenses
in microoptical systems.

When light passes through a small hole or a thin slit made in an opaque
screen, the image that can be seen at a certain distance of thescreen is
called the di�raction pattern. The shape of this pattern canbe very di�erent
than the aperture shadow. The resulting image depends on thedistance of
the observation plane, the wavelength of the light and the dimensions of the
aperture. In case of a laser diode, the aperture of the diode can be compared
to such a small hole. This is the reason why, the smaller the lens opening,
the larger its numerical aperture.

Fraunhofer di�raction theory can be used to determine the shape of a
light spot after passing through a small aperture (p(x; y)). The Fraunhofer
approximation is valid for large propagation distancesd [126].

For an incident plane wave of intensityI i travelling along the z axis:

U(x; y) =
q

I i (2.31)

f (x; y) =
q

I ip(x; y) (2.32)

The Fraunhofer approximation gives:

g(x; y) �
q

I ih0P(
x
�d

;
y

�d
) (2.33)

P(x; y) =
Z Z 1

�1
p(x; y)exp[j2� (� xx + � yy)] dxdy (2.34)

WhereP(x; y) is the Fourier transform ofp(x; y) andh0 = (j =�d )exp(� jkd).
The di�raction pattern is then proportional to the squared magnitude of

the Fourier transform of the aperture function:

I (x; y) =
I i

(�d )2

�
�
�
�P(

x
�d

;
y

�d
)
�
�
�
�

2

: (2.35)

In the case of a circular aperture of diameter D, the di�raction pattern
is de�ned by:

I (x; y) = I 0

"
2J1(�D�=�d )

�D�=�d

#2

(2.36)

� (x; y) =
q

x2 + y2 (2.37)
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whereJ1() is the Bessel function of order 1 andI 0 is the peak intensity

I 0 =

 
�D 2

4�d

! 2

I i (2.38)

The radius of the central disk of the Airy pattern obtained is:

� s = 1:22
�d
D

(2.39)

If the beam is focus by a microlens of focal distancef , the radius of the
spot becomes:

� s = 1:22
�f
D

(2.40)

What are aberrations?

Aberrations are typically more important than di�raction [ 113]. They come
from the deviation of the shape of the lens from the ideal pro�le. Main
aberrations are listed below:

� Spherical aberrations

� Coma

� Astigmatism

� Defocusing

� Tilt and shifts about x- or y-axis

� etc

The consequence of all theses aberrations is a loss of light.

2.4.4 Angle of acceptance of optical �bers

Optical �bers can be of two types:

� Step index �bers

� Graded index �bers
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Figure 2.16: Schematic view of a step index optical �ber and its numerical
aperture NA.

For both types, the working principle is the same. The light is guided
into the �ber by internal re�ections due to a variation of the refractive index
n. In step index �bers, the index variation is localized at a certain radius
and the core diameter is precisely delimited. For graded index �bers, the
refractive index is maximal along the central axis of the �ber and decreases
gradually across the �ber. Its major advantage is that modaldispersion is
reduced because the speed of the light increases with the distance to the
center of the �ber. Thus, the light that travels on a longer distance goes
faster. That way, the travel times are equalized.

A single mode �ber is a standard �ber with a core of reduced dimension.
A �ber operates as single mode in the fundamental mode if the Vparameter
is smaller than:

V = 2�
a
� 0

NA < 2:405 [127] (2.41)

NA =
q

n2
1 � n2

2 (2.42)

wherea is the diameter of the �ber core,� 0 is the wavelength and NA is the
numerical aperture of the �ber (Figure 2.16).

2.5 Veeco/Wyko NT1100 optical pro�ler

The Wyko DMEMS 1100 white light interferometer is a characterization tool
allowing to do measurements of vertical steps, displacements and roughness,
as well as lateral displacement using a pattern recognitionalgorithm.

Depending on the device to be characterized, di�erent measurement modes
can be used. Their vertical resolutions are shown in table 2.3. The �rst one,
based on monochromatic light, is called the PSI (Phase-Shifting Interferom-
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Vertical Resolution
Mode Single Measurement Multiple Measurements (Averaged)

PSI 3 Å 1 Å
VSI 3 nm <1 nm

Table 2.3: Vertical resolution of PSI and VSI modes [4].

etry) mode. It allows a very high vertical resolution down tothe Angstrom
scale but cannot determine the height of vertical steps.

The second working mode, called VSI (Vertical Scanning Interferometry),
is based on white light interferometry. It allows to measurelarge displace-
ments and steps up to several millimeters with a theoreticalprecision of less
than two hundredths of the measured height.

The tool looks like a standard microscope with di�erent objectives and
�elds of views that gives the possibility to observe the sample with various
magni�cations. Figure 2.17 shows a schematic of the instrument's work-
ing principle. The incident light (�ltered for the PSI mode) illuminates the
sample by passing through the objectives. These have an integrated interfer-
ometer. For low magni�cations (1.5 to 5 times), the integrated interferometer
is of the Fourier type. It is then composed of an incorporatedbeam splitter
and a reference mirror. For higher magni�cations (10 times or more), the
integrated interferometer is of the Mirau type as shown in �gure 2.17.

2.5.1 Phase-Shifting Interferometry (PSI)

In phase-shifting interferometry, a whitelight beam is �ltered and passed
through an interferometer objective to the test surface. The interferome-
ter beamsplitter re�ects half of the incident beam to the reference surface
within the interferometer. The beams re�ected from the testsurface and
the reference surface recombine to form interference fringes. These fringes
are the alternating light and dark bands you see when the surface is in fo-
cus. Figure 2.17 shows a diagram of an interference microscope. During the
measurement, a piezoelectric transducer (PZT) linearly moves the reference
surface a small, known amount to cause a phase shift between the test and
reference beams. The system records the intensity of the resulting interfer-
ence pattern at many di�erent relative phase shifts, and then converts the
intensity to wavefront (phase) data by integrating the intensity data.

The phase data are processed to remove phase ambiguities between adja-
cent pixels, and the relative surface height can be calculated from the phase
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Figure 2.17: Schematic view of the Wyko 1100 DMEMS [4].

data as follows:

h(x; y) =
�
4�

� (x; y) (2.43)

where � is the wavelength of the source beam, and� (x; y) is the phase
data. This technique for resolving surface heights is reliable when the fringe
pattern is su�ciently sampled. When the surface-height di�erence between
adjacent measurement points is greater than�= 4, height errors in multiples of
�= 2 may be introduced and the wavefront cannot be reliably reconstructed.
Thus, conventional phase-shifting interferometry is limited to fairly smooth,
continuous surfaces. To resolve rougher surfaces, Wyko surface pro�lers use
vertical-scanning interferometry techniques.

2.5.2 Vertical Scanning Interferometry (VSI)

Wyko developed VSI, a newer technique than PSI. The basic interferometric
principles are similar in both techniques: light re�ected from a reference
mirror combines with light re�ected from a sample to produceinterference
fringes, where the best-contrast fringe occurs at best focus. However, in
VSI mode, the white-light source is �ltered with a neutral density �lter,
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Figure 2.18: Fringe contrast through focus [4].

which preserves the short coherence length of the white light, and the system
measures the degree of fringe modulation, or coherence, instead of the phase
of the interference fringes.

In VSI, the irradiance signal is sampled at �xed intervals asthe optical
path di�erence (OPD) is varied by a continuous translation of the vertical
axis through focus. By numerical analysis of the obtained signal, the peak of
the interferences (Figure 2.18) is located and the verticalposition that cor-
responds to the peak is recorded. To increase the resolutionof the measure-
ment beyond the sampling interval, a curve-�tting interpolation technique
is used. The interferometric objective moves vertically toscan the surface
at varying heights. A motor with feedback from an LVDT (linear variable
di�erential transformer) precisely controls the motion. Because white light
has a short coherence length, interference fringes are present only over a very
shallow depth for each focus position. Fringe contrast at a single sample
point reaches a peak as the sample is translated through focus. As seen in
�gure 2.18, the fringe contrast, or modulation, increases as the sample is
translated into focus, then falls as it is translated past focus.

The system scans through focus (starting above focus) as thecamera
captures frames of interference data at evenly-spaced intervals. As the sys-
tem scans downward, an interference signal for each point onthe surface
is recorded. The system uses a series of advanced computer algorithms to
demodulate the envelope of the fringe signal. Finally the vertical position
corresponding to the peak of the interference signal is extracted for each pixel
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of the image.
The precision of the lateral resolution of these measurements is limited

by di�raction of the edges of the structures as detailed in [128, 129].

2.5.3 Pattern recognition

The system includes a pattern recognition module. With this module, it
is possible not only to measure vertical steps and displacements but also
lateral movements. This is very useful to determine whethera moving device
moves only in-plane but also out-of-plane and compare both values. The
precision of the position determination depends on severalparameters. The
most important, the observed area of the sample. The larger the area, the
higher is the uncertainty on the obtained results. As the pattern recognition
is based on the pixels of the CCD camera, the more pixels are used in the
interesting area, the better the measurement. For magni�cations of about
ten times, for example, the lateral (optical) resolution given is lower than one
micron. This resolution also di�ers in the X and Y direction as the CCD does
not has the same pixel size in both axis. By �tting the data, itis possible to
obtain a sub-pixel resolution.

The module also allows to mask parts of the image or de�ne interesting
areas and store some of their properties in a database. This was used for
some of the measurements performed in section 5.2, but was too limited for
the full pattern analysis (Section 5.2.6).

2.5.4 DMEMS working mode

To observe the dynamic behavior of a system, the DMEMS (Dynamic MEMS)
mode has to be used. In this mode, the illumination is not doneby a constant
light source but by a stroboscopic illumination. A LED, synchronized with
the camera illuminates the moving sample at a frequency corresponding to
the actuation signal of the device. As the vertical scan of the machine is not
very fast, this stroboscopic illumination allows the system to see only one
position of the device. Of course, the movement of the observed sample has
to be constant over a large number of cycles. Otherwise, the software cannot
determine its position and height.

To analyze the movement of the moving device over a full actuation cycle,
the stroboscopic illumination can be performed for each phase shift compris-
ing between 0 and 360� . Then, all these results can be processed to get the
dynamic behavior of the observed device over a full cycle. This allows for
example to determine the resonance frequency of an actuatorby performing
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a Fourier transform to the step response signal of the device. This module
was used for this purpose in section 5.2.7.

2.6 Stiction

Stiction is a common phenomenon in MEMS devices [130]. It is acombina-
tion of one or more �adhesion forces� or �adhesion phenomena� between two
objects in contact [131]. In most cases, it is an undesirablee�ect that limits
the performance and the lifetime of MEMS actuators [132].

2.6.1 Adhesion e�ects in microsystems

This phenomena occurs once two surfaces are brought in contact due to:

� Electrostatic forces;

� Drying process after the HF release of sacri�cial layers;

� Shock loading or rapid acceleration that can bring two surfaces to-
gether;

� Inadequate sti�ness of supporting micro-beams against gravity or nor-
mal operation;

� Desired contact by design or actuation.

Once the surfaces are in contact, several stiction phenomena can appear.
At the micro-scale, these forces can be comparable or even often greater than
other micro-forces.

They are mainly due to the following causes:

� Meniscus (capillarity) forces e�ect; Capillary forces occur when
there is a liquid-solid interface. This liquid can be due to condensation
of the humidity of the air. The pressure di�erence between the liquid-
air interface is given by the equation:

� pla =

 la

r
(2.44)

where � pla = pressure di�erence at liquid-air interface, 
 la = surface
tension of the liquid-air interface andr = radius of curvature of the
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meniscus of liquid. The forces between the two plates can then be
expressed as:

F = � � plaA =
2A
 lacos(� c)

d
(2.45)

where A = area between the two plates,� c = contact angle between
liquid and solid andd = separation distance between plates. In case of
two not perfectly �at surfaces, the contact areaA and the distanced
are a function of the surface roughness. The rougher the surface, the
smaller the capillarity force.

� Hydrogen bridging: Hydrophilic surfaces, under atmospheric con-
ditions and around room temperature contain adsorbed waterlayers.
These materials adsorb water to a small depth below their surface layer.
When two of these hydrated surfaces are brought into close contact, hy-
drogen bonds may form between oxygen and the hydrogen atoms of the
adsorbed water layers in each of the surfaces. This is a chemical bond
that will remain as long as the surfaces are hydrated.

� Electrostatic forces: In electrostatic driven MEMS, contact between
polarized electrodes has to be avoided. When two electrodes with dif-
ferent applied voltages are brought in contact, a current iscreated at
the interface. If this current is not limited enough, the electrodes stay
in contact even if the applied voltage is set back to zero due to a mod-
i�cation of the surface at the interface.

� Van de Waals forces: They are caused by mutual electric interaction
of the induced dipoles in the two surfaces.

Several solutions exists to avoid or minimize stiction. In some case, a thin
protective layer is deposited on the surface that have to getin contact [133,
134]. Another solution is to avoid any contact between surfaces. When this
is not possible, stoppers are generally used. They are made of a small bump
or tip meant to get in contact. In this case, the smaller the contact surface,
the smaller the stiction force. For this reason these have usually a very small
contact surface [135].

2.6.2 Locking

Stiction e�ects can also be utilized. It is used for example to perform silicon-
silicon direct bonding [136]. It is also possible to use it tocreate a relatively
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tight connection between two initially independently moving parts. Experi-
ments on this phenomenon will be presented in section 5.3. The deliberate
stiction between a movable platform and the handle part of a silicon device
will be presented.

2.7 Precision and accuracy

In chapter 5, measurements on the displacement of the actuator will be pre-
sented. To clarify the exposed results, the terms of �precision� and �accuracy�
are explained below.

2.7.1 Precision of the actuator motion

The term precision is principally applied to the measurement of the displace-
ment of the actuator. If a mobile structure moves from a pointA to a point
B separated by a distanced, the precision of the measurement denotes how
the measured distance is determined compared to the e�ective value.

2.7.2 Accuracy of the actuator motion

The term accuracy shows the repeatability of the displacement of the actu-
ator. By moving the actuator with a certain signal from a point A twice,
the actuator will reach a point B the �rst time and a point B' th e second
time. The accuracy is determined by the di�erence between the position of
the points B and B'.



Chapter 3

Micro scanner concept (MOPOS
project)

3.1 Description of the system

As seen in chapter 1, the goal of the MOPOS project was to develop a micro-
scanner to optimize the light coupling between a laser diodeand an optical
�bre. This section will describe in details the system to be solved.

The initial requirements at the beginning of the project were the following:

� Optical speci�cations:

� Laser diode:
- NA: 0.5
- Wavelength: 1290 - 1580nm
- Re�ective feedback: � 60dB

� Lens:
- Magni�cation: 4-5 times
- Anti-re�ective coating: <25 %
- Coupling e�ciency: 60 % (>30 %)
- Outer diameter: 0.6-0.8mm

� Fiber:
- Single mode (SMF28)

� Mechanical speci�cations:

� Chip size:
- In x direction: < 2500� m
- In y direction: < 2000� m
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� Lens travel:
- X range: � 15� m
- Y range: � 30� m
- Resolution: 20 nm
- Accuracy: 50nm
- Locking accuracy: 100nm

� Electrical speci�cations:

� Input signals
- X position control voltage: � 10V
- Y position control voltage: � 10V
- X and Y locking voltage

� Reliability speci�cations:

� MOEMS assembly Telecordia requirements:
- 500 cycles -40 to 85� C
- 5000 hours of aging 75� C
- Shock: 1500G - 0.5ms (duration)
- Vibration: 2 to 2000Hz - 20G
- Tracking: 0 � C to 50 � C
- 2000 hours at high temperature storage 85� C
- 2000 hours at low temperature storage -40� C

� Pass criteria: lens displacement <0.05� m
or coupling e�ciency change< 10%

� Locking of the platform in desired position

Additionally, the technology and the process had to be as simple as pos-
sible in order to get a device as cheap as possible (typ. a few dollars or
preferably less!).

Based on the calculated optical con�guration, a MEMS concept has to
be developed. This will be further explained in the following subsections.

3.1.1 Optical con�guration

Instead of using passive alignment devices or large and expensive welding
stations to precisely align optical components, the principle studied is to
roughly align the laser diode, the optical �ber, and in between, a focusing lens
mounted on a 2D actuator that can steer the light to optimize the coupling
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Figure 3.1: Schematic of the concept of the system: a movable lens compen-
sate the initial misalignment of the roughly aligned optical components.

once all the components are assembled. Figure 3.1 shows the concept of the
system.

Optical simulations were performed to determine the best optical con�g-
uration of the system.

Optical simulations

Standard laser-�ber coupling devices use two lenses. The �rst collimates the
light and the second one focuses the light beam into the optical �ber. In this
project, the goal was to use only one lens in the optical path between the laser
and the �ber. Simulations were performed to �nd the optimal shape and po-
sition of the lens as well as the corresponding distances between the laser and
the lens and between the lens and the optical �ber. The optical simulations
were performed with the software called �FRED� (from Photon Engineering)
and a matlab routine allowed them to be automatized. Figure 3.2 shows the
simulated con�guration.

After some simulations and economy considerations, it was chosen to
use lenses directly available from Süss MicroOptics's web shop. A new lens
development was too complicated and time consuming for thisproject. The
lens that reaches the best the requirements has a diameter of500� m, a
radius of curvature of 900� m and a K factor of -9. Figure 3.3 shows the
coupling e�ciency of such a lens in function of the distance between the
laser diode to the lens bottom and the distance between the lens top to the
�ber end. It shows a maximal coupling e�ciency of more than 80%. It would
be possible to obtain higher coupling e�ciencies with larger lenses. Moreover,
the platform, with its 600 � m diameter hole was foreseen to receive a larger
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Figure 3.2: �FRED� images of the simulated system.

lens but no lens of this size was available.
As the MOPOS device is studied to compensate only the misalignment

perpendicular to the optical axis, it is important to set the distances in a
region where the coupling losses due to the misalignment of the components
along the optical axis can be minimized. The goal is then to �nd a region
where the gradient is minimum or a large region where the coupling is above
a certain value. Figures 3.4 and 3.5 show the value of the coupling e�ciency
up to 40%. This value of 40% was chosen in order to be higher than the
minimal value given in the initial speci�cations and low enough in order to
get a large enough area.

With the following data and properties,

� Laser diode

� Wavelength: lambda= 1:31� m

� Beam waists:wx = 1:806� m; wy = 0:618� m, elliptical beam with
NA max = 0:5 along Y axis.

� Source diameter:dx = 9 � m; dy = 6 � m

� Lens

� Distance: LD = 355 � m
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Figure 3.3: Graph showing the simulated coupling e�ciency as a function of
the distance between the laser diode to the lens bottom (Ld on �gure 3.2(a)) as
well as the distance between the lens top to the �ber end (Lf on �gure 3.2(a)).
The simulated lens has a radius of curvature of 900� m and a K factor of -9
assuming a perfect perpendicular alignment.

� Edge length: L = 640 � m

� Lens thickness:Tlens = 500 � m

� First surface: �at

� Second surface:Rcurv = � 900� m; K = � 9

� Material: Silicon, nSi = 3:505[117], at � = 1:31� m

� Fiber

� Corning SMF-28 @1:31� m

� Distance from lens second surface:z1 = 1850� m

� Fiber core diameter:8:2� m

� Numerical aperture: 0:14

one obtain the beam shape shown in �gure 3.6.
As shown in the previous graphs (�gure 3.3-3.5), the overallcoupling is

not very high but, as the goal of the project is to obtain a highcoupling
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Figure 3.4: Graph showing the simulated coupling e�ciency as a function of
the distance between the laser diode to the lens bottom (Ld on �gure 3.2(a)) as
well as the distance between the lens top to the �ber end (Lf on �gure 3.2(a)).
The simulated lens has a radius of curvature of 900� m and a K factor of -9
with a scale limit set to 40%.
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Figure 3.5: Zoom on the graph of �gure 3.4 showing the simulated coupling
e�ciency as a function of the distance between the laser diode to the lens
bottom (Ld on �gure 3.2(a)) as well as the distance between the lens top
to the �ber end (Lf on �gure 3.2(a)). The simulated lens has a radius of
curvature of 900� m and a K factor of -9 with a scale limit set to 40%.

Figure 3.6: Simulated beam shape in �ber interface.
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e�ciency over a position range along the optical axis of several microns,
these results are suitable for the intended application.

With these values, the focal distance of the lens can be estimated [113]:

f =
Rcurv

nSi � 1
= 360:36� m (3.1)

With the focal distance and an initial laser to lens distance of 355� m,
the e�ective magni�cation M of the lens is the following:

M =
f

f � D
=

f
f � (355 + 500=3:4975)

= 3:71 (3.2)

whereD is the optical distance between the silicon lens (thin lens)and the
laser diode. These calculations were performed with a thin lens approxima-
tion.

A factor of about four is the expected result as the numericalaperture of
the laser diode is about four times larger than the one of the optical �ber.

From this point, it is possible to calculate the required displacement of
the lens for a given misalignment of the laser diode (or the optical �ber).

Considering the system shown in �gure 3.7, if the diode is misaligned of
a distancehd perpendicular to the optical axis, the requiredx displacement
of the lens is given by:

x =
M

M + 1
hd =

3:71
4:71

hd = 0:79hd (3.3)

This means that to balance the misalignmenthd of the diode, the lens has
to be displaced of0:79hd. Thus, for a misalignment of 10� m, the required
movement of the diode is of about 7.9� m.

In the other side, if the optical �ber is misaligned of a distance hf , the
required x displacement of the lens is determined by:

x =
hf

M + 1
=

1
4:71

hf = 0:21hf (3.4)

For example, for a misalignment of the �ber of 10� m, the required move-
ment of the diode is of about 2.1� m.

In the worst case, if both the diode and the �ber are misaligned in the
same direction, the required displacement of the lens is of the same amplitude.
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Figure 3.7: Schematic of the misalignment of the laser diode.

3.1.2 MEMS Concept

To reach the speci�cations listed at the beginning of this chapter in terms
of displacement, size and voltages, a new MEMS device had to be imagined.
The initial question is represented in �gure 3.8. The initial constraints being
�xed, a system able to move a microlens with any type of actuator and
suspensions had to be developed.

Initial simulations and calculations performed to comparedi�erent design
concepts are summarized in table 3.1.

Figure 3.8: Initial re�exion model. What to put in the black box?
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N� Schematic
of the imag-
ined system

Driving
method

Relative
force
over
voltage

Conclusion

1.a) Electrostatic,
parallel
plates

Low Not suitable (high volt-
age, controlled displace-
ment on only 1=3 of ini-
tial gap).

1.b) Electrostatic,
parallel
plates

Low Not suitable (high volt-
age, controlled displace-
ment on only 1=3 of ini-
tial gap).

1.c) Electrostatic,
parallel
plates

Low Not suitable (springs too
strong).

1.d) Electrostatic,
parallel
plates

Low Not suitable (high volt-
age, controlled displace-
ment on only 1=3 of ini-
tial gap). Good solution
for displacement in 1 di-
rection only.

2) Electrostatic,
parallel
plates

Low Not suitable (high volt-
age, controlled displace-
ment on only 1=3 of ini-
tial gap). Good solu-
tion for springs perpen-
dicular to displacement
direction.

continued on next page
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continued from previous page
3.a) Electrostatic,

Comb
drives

High Not suitable (lack of sta-
bility, low displacement
in Y direction).

3.b) Electrostatic,
Comb
drives

High Suitable but compliant
beams highly stressed.

3.c) Electrostatic,
Comb
drives

High Suitable. Shape of the
curved compliant beams
to be optimized.

Table 3.1: Table representing the initial calculated and simulated structures.
The central white circle represents the microlens. The blue rectangles repre-
sent the electrodes of parallel plate electrodes actuation. The red rectangles
represent the electrostatic comb drives actuators.

Following the results of table 3.1, the design 3.c) consisting of two pairs
of linear actuators and curved beam to convert linear actuation into a 2D
motion was chosen. It allows a su�ciently large controlled displacement at
relatively low voltages in a quite compact design.

The actuator, shown in �gure 3.9, consists of 3 major elements.
The �rst is the scanning platform, designed to hold a lens on its top.
The second is a system of curved compliant suspension beams.The

curved shape is designed to convert a unidirectional actuation into a bi-
directional displacement.

The third element comprises comb-drive actuators and springs attaching
the movable structure to the �xed parts of the chip.

The principle of operation of the MEMS scanner is shown in �gure 3.10.
The 2D displacement of the hollowed platform of the device isprovided by
two pairs of electrostatic combdrive actuators (driven by the electrodes A,
B, C and D, Figure 3.9) suspended by 4 springs to the chip base [137]. The
mobile platform is linked to the actuators by 4 curved compliant suspension
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Figure 3.9: CAD image of the device showing the two pairs of electrostatic
combdrive actuators, the compliant suspension springs and the movable plat-
form. To limit the computer resources required, the combdrives actuators
pairs are represented by three large rectangles instead of showing all the �n-
gers. The chip footprint size is 2064x2700� m, slightly larger than in the
initial speci�cation requirements but the construction of the last packaging
system allows such dimensions.
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Elec A Elec B Elec C Elec D Platform displace-
ment direction

+ V 0 V 0 V 0 V .
0 V + V 0 V 0 V &
0 V 0 V + V 0 V %
0 V 0 V 0 V + V -
+ V 0 V 0 V + V  
+ V + V 0 V 0 V #
0 V 0 V + V + V "
0 V + V + V 0 V !

Table 3.2: Displacement of the platform depending on the polarized actuators.
This table is shown for only one voltage +V applied without any voltage on
the other electrodes but is also valid for any signal combination as long as
+ V is larger than any other voltage applied.

beams. These �exible s-shaped beams are designed to converttwo unidirec-
tional (X) actuations into two dimensional (XY) displacements and as well
as to amplify the movement in the direction orthogonal to theactuators by a
factor of two (Section 3.4). When the two actuators are movingin the same
direction and amount, the platform translates in the same orientation and
by the same distance (displacement in X). Additionally whenthe two actu-
ators are moving in opposite directions by the same amount, the platform
translates in the orthogonal direction by either compressing or extending the
compliant beams (displacement in Y). Figure 3.10 show the displacements
along the two main axes (X) and (Y). With combining these basicdisplace-
ments by applying di�erent signal amplitudes to combdrive actuators, any
o�-axis points of the reachable area (Section. 5.2) can be addressed. All these
displacements are summarized in table 3.2.

Once the desired position is reached, the movable platform can be locked
in place. The initial idea is to perform this locking by applying a voltage
between the movable platform and the base of the chip (Figure3.11).

As the light has to be transmitted through, the backside of the chip
includes a through hole under the platform to accommodate the movable
lens and transmit light across the MEMS chip.

3.1.3 Packaging Concept

During the project, several assembly schemes have been imagined and stud-
ied. Initially, the device was supposed to be assembled intoa TO can -a
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Figure 3.10: Principle of operation of the MEMS scanner. This �gure shows
the four fundamentals displacement directions. Starting from these, any dis-
placement within a de�ned area can be achieved by combining these four dis-
placements.

Figure 3.11: Locking mechanism principle.
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Figure 3.12: View of the complete system and its components.

standard packaging solution for this type of devices- but �nally, it turned
to a vertical silicon packaging [138]. This system is shown in �gure 3.12.
Figure 3.13 shows a cross section of the complete system. It is composed of
a silicon base destined to get all the optical and electricalparts to be con-
nected to. First, the laser diode, the turning mirror and other electronics
components (Thermistor, ...) are assembled onto and the MEMS device is
glued on top of the turning mirror and the LED and wire bonded on the
corresponding metal pads (Figure 3.14).

Once the MEMS device with its assembled lens is connected on the silicon
base, a glass lid is sealed to encapsulate all these components. The obtained
device is then bonded by �ip chip on a �ex. The contacts on the �ex are
shown on �gure 3.15. The contact on the bottom of the image arededicated
for connecting the electronic components while the chip is assembled on the
top part. Finally, the optical �ber can be connected to the obtained module.
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Figure 3.13: Cross section of the �nal desired system.

Figure 3.14: Zoom on the chip assembly concept with its glass lid and the
silicon submount containing a laser diode and a turning mirror.
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Figure 3.15: CAD image of the �ex. The contacts of the MEMS are located
under the silicon device while the contacts for electrical devices are located at
its free end.

3.2 Design of each component

Depending on optical and packaging con�gurations, the design has to be
adapted. In this chapter, the latest design of the MEMS basedon the silicon
header packaging system developed at Intel (Section 3.1) will be presented.

Several iterations have been made to obtain this design. Figure 3.16
shows a 3D drawing of the chip and �gure 3.17 shows cross-sections of the
device. Below is a list of the major constrains encountered.They will be
explained in a more detailed way in the next subsections:

1. Two etching depths on front- and backside of the chip to obtain complex
3D structures (Section 3.2.1).

2. Metalization on both chip sides (Section 3.2.2).

3. Circular platform with four small alignment structures for lens assem-
bly (Section 3.2.3).

4. Usage of an assembly tool to hold the chip during the lens assembly
(Section 3.2.4).

5. Larger backside hole enabling the chip to be held in the assembly tool
(Section 3.2.5).
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Figure 3.16: 3D CAD image of the chip. a) Topside view. b) Backside view.

Figure 3.17:CAD image of the designed chip with cross-sections showing the
di�erent etching depths.
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3.2.1 3D etching

Many e�orts were been made at the packaging level [138]. Thisnew packaging
system includes the chip with an assembled lens as well as a 45� turning
mirror and a laser diode placed under the chip in an etched cavity on the
backside.

For this reason two masks have been drawn for the frontside etching
and two others for backside openings. To de�ne these structures, a process
with delay mask etching on both sides was developed. In orderto minimize
misalignment problems, only the parts to be etched during the second etch
step have been de�ned on the �rst masks. This method yields anauto-
alignment of the masks for the two etching steps.

3.2.2 Front- and backside metalizations

In order to have good electrical contacts and a low resistivity at the interface
between the chip and the wire bonds, both sides of the chip must be metalized
with gold. This metal is commonly used to provide a good adhesion of
the wirebonds on the contacts of the chip. As it is not possible to do the
metalization after the DRIE etching, it has to be done at the beginning of
the process. Unfortunately, presence of metal -and especially gold- has to
be avoided inside the chamber of the DRIE machine and a protective layer
has to be deposited on the metal pads. Another masks have beendrawn
to pattern this metal protection. In order to avoid any contamination risks,
the protection pads have been drawn with exactly the same shape than the
metal pads but a little bit larger. On topside, the rim de�ned is 5� m wide
while on the backside of the wafer, the protections were enlarged by 25� m.

3.2.3 Circular platform

As the lens has a circular shape and in order to save space to beable to place
the platform a little bit more o�-center on the chip while being closer to the
laser diode, the moving frame was designed circular. The size of its inner
part has also been enlarged and four small alignment structures have been
placed on the four cardinals of the circle. Figure 3.18 showsthe platform
with its alignment structures and the gluing grooves. The latter are the blue
structures shown in �gure 3.18, enabling the glue to hold themicrolens in
place with allowing a zero-gap between the frame of the platform and the
lens.

The lens intended to be assembled on the device is processed on both
sides. On topside, the lens is etched and on backside, an alignment structure
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Figure 3.18: Design of the circular platform with the small lens assembly
structures.

of 25� m height with inclined sidewalls to about 70� is performed. The latter
structure is made in order to facilitate the alignment and assembly of the
lens on top of the MEMS platform. Figure 3.19 shows a schematic of the
lens to MEMS assembly principle.

3.2.4 Assembly tool

Concerning the assembly of the lens on top of the moving frame, a solution
to avoid breakage of the platform had to be studied. The best solution found
was either to make a backside hole much smaller than the frameor to use

Figure 3.19: Schematic of the lens to MEMS assembly.
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an external holder to keep the platform in place during glue dispensing. The
latter solution was chosen. Figure 3.19 shows the fabricated tool principle.
It consists of a large cavity with a central island. As the chip is placed into
the cavity, the movable platform gets in contact with the central island of
the assembly tool. That way, even if a relatively large forceis applied on the
frame, there are no constraints on the thin and fragile curved beams of the
actuator.

3.2.5 Backside hole

As seen in section 3.2.4, the island of the assembly tool is designed to enter
the backside cavity of the chip. Both were designed with related dimensions.
Figure 3.16 shows that the backside cavity is much larger than the central
hole of the platform. If the only problem was optical transmission of the
light, it would have been enough to etch through the backsidea hole with
dimensions a little bit larger than the platform opening. Asthe assembly
tool cavity is slightly deeper than the backside chip height, the hole has
been enlarged in order to allow the assembly tools' central island to come in
contact with a �xed part of the device layer of the chip. For this reason the
etched hole comes under the �xed central pads of the actuator. That way,
once the chip is placed into the assembly tool, it does not layat the bottom
of the cavity but is stopped by the central electrodes on top of the central
island of the assembly tool.

3.3 Theoretical model of the system

In this section, a physical model of the device is built in order to predict the
position of the platform and the two linear actuators as a function of the
electrostatic force applied to the combs. The device can be represented as
a system of three springs which are connected to the combdrives as shown
in �gure 3.20. In this model, only the horizontal component of the spring
constant vector is taken in consideration. The reason of this simpli�cation is
that the displacement of the platform in the two dimensions depends only on
the compliance of the springs along the x axis. SpringsS1 and S2 correspond
to the suspension of the combdrives to the �xed parts of the device while
the spring S3 correspond to the S-shaped beams connecting the combdrives
to the movable platform. As no force is applied on the platform (except
the gravity, which can be neglected), the two pairs of curvedsprings can be
approximated as one spring.

As the spring constant ofS1 and S2 are the same, their spring constant is
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Figure 3.20: Schematic of the theoretical model of the springs system.

represented with the unique valuek1. The spring constant of the compliant
beams in the x direction is given byk2. Equations 3.5 and 3.6 establish
the relations between the spring constantsk1 and k2, the forcesF1 and F2

provided by the actuators and their positionsx1 and x2.
In equilibrium:

F1 � k1x1 + k2(x2 � x1) = 0 (3.5)

F2 � k1x2 + k2(x2 � x1) = 0 (3.6)

gives the actuator's displacements:

x1 = F1

 
k1 + k2

k2
1 + 2k1k2

!

+ F2

 
k2

k2
1 + 2k1k2

!

(3.7)

x2 = F1
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1 + 2k1k2

!

(3.8)

The position of the combdrives is a linear combination of theelectrostatic
forces. This relation will help to determine the spring constants on the device
and to predict the position of the movable structure as a function of the
voltage applied on the combdrives.

The displacement of the platform held by the curved beams canbe de-
termined in relation to the position of the actuators. As theplatform stays
in the middle of the two actuators, its position in the x direction xplatform is
simply

xplatform =
x1 + x2

2
(3.9)

The position in the y direction yplatform is a function of (x2 � x1) in a
way determined by the geometry of the curved beams. This function can not
easily be expressed analytically. It can be de�ned by:

yplatform =  (x2 � x1) (3.10)

The function  can be evaluated numerically using measurement or sim-
ulations results.
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Figure 3.21: Coventor simulation of the stress in a straight beam as one end
is moved in respect to another. A maximal stress of 160MPa can be shown.

3.4 Simulations

Mechanical simulations have been performed to determine the static, quasi-
static and dynamic behavior of the device and optimize its components and
properties. Then, the results of some of the simulations canbe compared
to the functions of the theoretical model of the springs system built in sec-
tion 3.3.

3.4.1 Mechanical simulations

Simulations were done to optimize the size and the shape of the compliant
beams. Initial simulations with straight beams showed thatthe stress at
both ends of the beams are very important. It can be seen in �gure 3.21 that
the stress at beam ends is more important than on curved beamsshowed in
�gure 3.22. It can be seen on these �gures that for a given deformation, the
maximal stress occurs in the same region of the beam but its value is di�erent.
In case of a straight beam, a maximal stress of 160MPa was obtained while
the maximal stress of the curved beam was 110MPa. The curved beam
shape allows a reduction of the maximal stress of more than 30%, which is
very positive as the stress can be the cause of breakage of thedevice.

In order to achieve a large enough scanning range in the Y direction
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Figure 3.22: Coventor simulation of the stress in a curved beam as one end
is moved in respect to another. A maximal stress of 110MPa can be shown.

even if the system is moved in the X direction, as the total displacement of
the combdrives is limited, the shape of the curved springs was optimized to
amplify the Y displacement with a factor of two. That way, if both actua-
tors are displaced of a distanced in opposite directions, the corresponding
perpendicular motiony of the platform is the following:

y �= 2d (3.11)

This result was obtained with a beam given by the following equation [139]:

y(x) =

p
2

4
x �

p
2L

8�
sin

� 2�
L

x
�

(3.12)

The optimization of the shape of the beam was performed by determining
the best value ofH (Figure 3.23) parameter for a determined value ofL given
by the total size of the chip.

Figure 3.23 shows a schematic of the movement of the beam as force is
applied on the movable end. Architect (Coventorware simulation software)
simulations results are shown in �gure 3.24. For these simulations, a beam
slightly simpli�ed was used. In Architect, a model exists for the simulation
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Figure 3.23:Schematic view of the movement of the free end of the compliant
curved beam as a force is applied to.

of �freeform beams�. These can be de�ned either by a polynomial equation
or by points. The approximation of the shape described in equation 3.12 was
performed with a set of 13 coordinates. Figure 3.24 shows that as expected,
the ratio between the displacement of one end of the beam in the X and the Y
directions is of about two. In the highlighted values, for a given deformation
with a force of about 40� N, the displacement of the end of the beam is of
about 21� m in X direction and about 45� m in Y direction.

Simulations of the complete system were performed in order to get some
information about the quasi-static and dynamic behavior ofthe device. For
these simulations, the library-based software Architect was used.

Quasi-static simulations

These simulations were performed to understand how the platform will move
as a relatively slow voltage ramp is applied on one or two actuators. The
displacement versus voltage can be seen in �gures 3.25 and 3.26. In �gure 3.25
the simulated signal is applied to only one electrode -electrode B (Figure 3.9)-
while �gure 3.26 shows the results of a signal applied on bothelectrodes
A and B. These simulations shows that the desired displacement in both
directions can be reached. Of course, only part of the reachable area is
shown on these graphs, but additional simulations shows thesame behavior
in the other directions. It can also be seen that a small z displacement of a
couple of picometers appears but is negligible. It is so small that it could be
due to numerical noise. Anyway, this should not be a problem for the good
operation of the device.

Dynamic simulations

Once the static behavior was satisfying, the dynamics of thedevice had to
be studied.

First simulations with small signals were performed in order to determine
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Figure 3.24: Architect simulations of the curved beam by applying a force
Fx as shown in �gure 3.23. The applied force range is of� 50� N. In each
graph, the linear and non-linear simulation modes are represented. The top
image represents the displacement along the Y axis (� y, Figure 3.23) and the
bottom one represents the displacement along the X axis (� x, Figure 3.23).

its intrinsic resonance frequencies. Figure 3.27 shows theresults of this sim-
ulation. The �rst visible mode is in the Z direction (Z curve, perpendicular
to the surface of the device) at a frequency of 805Hz. This vertical move-
ment is coupled with out-of-plane rotations of the platform, symbolized by
the small peaks showed in RX and RY curves. At the same frequency range,
wide peaks can also be seen in the X and Y directions. Figure 3.28 shows
a zoom-in of the small signal simulation between 300Hz and 1200Hz. They
can be slightly more clearly seen in the phase diagram but in both case, as
the Q factor is very low they are not very well de�ned. It is then not easy to
determine their exact peak value with this simulation method. The second
mode, in the Z direction (with RX and RY rotations) is situated at 2979Hz
and the third is situated at 4712Hz in the same direction.

The same simulation was performed to determine the intrinsic resonance
frequencies of the actuators while they are coupled to the platform. Fig-
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Figure 3.25:Simulated X, Y and Z displacement of the platform as a voltage
ramp is applied on electrode B (Figure 3.9).

ure 3.29 shows this results for the right actuator. In this case, the main
resonance frequencies are exactly the same than previously. The di�erence
comes from the additional modes situated between these mainpeaks in Z,
RX and RX directions. It can also be seen that for this actuator,the reso-
nance in Y is linked to its resonance in RZ as the two curves are perfectly
parallel. By symmetry, the left actuator has the same behavior.

Then, step response of the system was studied. By simulatingthis, a
more comparable resonance frequency in the XY-plane can be determined in
the interesting directions as the software simulates exactly the same situation
than the measured one in section 5.2. In this case, a voltage is applied to
the same electrode than previously, but in this case, it is a step of 40V.
Figure 3.30 shows the resulting displacements of the platform in the Y axis
(Figure 3.10) as the step signal is applied to the two external electrodes.
To obtain the value of the resonance frequency, the signal obtained graph
has �rst to be interpolated in order to get points equidistant along the time
axis. Then, the Fourier transform analysis is applied to theresulting graph
to obtain the value of the resonance frequency. The result for the Y axis is
695.03Hz.
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Figure 3.26:Simulated X, Y and Z displacement of the platform as a voltage
ramp is applied on electrodes A and B (Figure 3.9).

The same analysis can be performed with the step response obtained for
the X (Figure 3.31) and XY (Figure 3.32) directions. The corresponding
resonance frequencies are the following:

� Resonance frequency along the X axis for an excitation in the Xdirec-
tion: 782.74Hz

� Resonance frequency along the Y axis for an excitation in the Ydirec-
tion: 695.03Hz

� Resonance frequency along the X axis for an excitation in the XY
direction: 817.06Hz

� Resonance frequency along the Y axis for an excitation in the XY
direction: 817.6Hz
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Frequency Axis
695 Hz Y
783 Hz X
805 Hz Z
817 Hz XY, with an angle of about 37�

2979 Hz Z
4712 Hz Z

Table 3.3: Summary of the simulated resonance frequencies.

These simulations show that the resonance frequencies varies, especially
along the Y axis when the di�erent springs are �loaded� compared to their
rest positions. Finally the simulated resonance frequencyare summarized in
table 3.3.

3.4.2 Application of the simulations to the theoretical
model

The simulations of the free beam depicted in �gure 3.24 show that there is a
factor of two between the horizontal displacement (X) of oneend of the beam
and the vertical one (Y). Thus, by applying the same displacement (� d) to
both actuators in inverse directions, the platform attached to these will move
with an amplitude of 2d. This has to be con�rmed by the measurements
(chapter 5.2.2).
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Figure 3.27: Architect small signal simulation of the platform.
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Figure 3.28:Zoom on the �rst resonance frequencies of the small signal sim-
ulation of the platform.
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Figure 3.29: Architect small signal simulation of the right actuator.
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Figure 3.30:Simulation of the step response of the actuator in �-Y� direction
(Figure 3.10). The Fourier transform shows a frequency of 695.03Hz.
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Figure 3.31: Simulation of the step response of the actuator in �X� direction
(Figure 3.10). The Fourier transform shows a frequency of 782.74Hz.
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Figure 3.32:Simulation of the step response of the actuator in �XY� direction.
In this case, the platform moves with an angle of about 37� with the �X� axis.
The Fourier transform gives frequencies of 817.06Hz in X and 817.6Hz in
Y direction.



Chapter 4

Fabrication of the device

For the fabrication four main process steps are performed: oxidation (Sec-
tion 2.3.2), metalization, DRIE with a delay mask process (Section 2.3.6)
and etching of the sacri�cial oxide layer. In between, to pattern the di�er-
ent layers, photolithographic steps have to be completed. Section 4.2 will
describe the complete process �ow of the fabrication of the chips.

4.1 Main process steps

In this section, the main process steps, their challenges and limitations will
be described.

4.1.1 Oxidation

After a standard cleaning procedure, the wafers are oxidized by thermal
oxidation. In standard SOI technology, this layer is used asan additional
mask layer. In case of a delay mask process, this oxide layer will be used as
mask for the second step of DRIE. Thermal oxidation was chosenhere for its
homogeneity and the good quality of the layer. Furthermore,thermal oxide
growth on both sides at the same time and, as the same layer thickness is
obtained on both faces, the bow induced by the stress is quitesmall.

4.1.2 Metalization

As seen in [140], metalization can be performed by di�erent methods. For
this project, lift-o� principle has been chosen for two mainreasons:

� With this technique, metal does not come in contact with the areas to
be etched later. This is an important point to avoid any presence of
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Figure 4.1: Fabrication steps from the beginning of the process until metal-
ization. a) Bare SOI wafer. b) Wet oxidation of the wafer (2.7� m). c) Pho-
toresist patterning and oxide etching. d) Topside gold deposition. e) Backside
gold deposition. f ) Lift-o� by dissolving remaining photoresist in acetone.

metal into the DRIE chamber.

� As the wafer is covered with an oxide layer, the latter has to be etched
before the metal deposition. It is then possible to use the same pho-
toresist mask for the lift-o� step.

In order to obtain well-de�ned metal pads, the oxide is slightly overetched.
This allows us to have a metal layer as good as if a special lift-o� resist layer
was used. Figure 4.1 shows the �rst fabrication steps up to the metalization
of the contact pads.

Once the metal is deposited on the wafer, contacts between the gold
surface and any machine chamber has to be avoided except somedeposition
equipments. A method to bury the gold pads during silicon etching had to be
studied. The best solution found was to deposit a thick layerof silicon dioxide
on both sides of the metalized wafer. As CVD oxide induces a large stress
and an unacceptable bow on the wafer, PECVD oxide has been preferred.
This deposition method creates a layer of oxide denser and less stressed than
what would have been obtained with a standard CVD deposition. A thick
layer of 2� m of this oxide is deposited on the wafer in order to bury the
metal contacts and protect the environment and other equipments of any
gold contamination.
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4.1.3 Delay mask process

After this step, all the unmetalized areas of the wafer are covered by 2.7� m
of thermal oxide and 2� m of PECVD oxide. As the PECVD layer acts as
a protective layer for the metal pads, it is removed from the non-metalized
parts of the wafer. On the topside, the second step of the delay mask process
requires only a very thin oxide mask. If the 2.7� m thick oxide was used, a
lot of the oxide would be mainly overetched during the RIE patterning due
to the angle of about 35� of the etching. As the structures on the topside are
very thin and have to be de�ned very precisely, a timed oxide etch step is
performed on the topside to thin out the oxide layer up to a layer thickness
of about 500nm.

After this wafer preparation, the delay mask process can be performed as
seen in section 2.3.6.

For the backside cavity, as a laser diode and a tilted mirror have to be
placed in the chip cavity, the latter has to be as deep as possible. On the
other hand, the remaining silicon membrane must have a certain thickness
in order not to be too fragile. Another limitation comes fromthe thickness
possible to etch with the oxide mask. As seen in section 2.3.2, the etching
depth is limited by the oxide thickness. It was then decided to perform
etching depths of max. 100� m for the �rst etch step and at least 250� m
for the second. Figure 4.2 shows the backside of the chip after the DRIE
delay mask etching process step. On this picture, the large central circular
structure is sacri�cial. It was designed in order not to get large silicon dioxide
membranes during the process. Later, during the HF vapor phase etching
process, this structure is released and drops o� the device.

On the device layer, �rst devices have been built with topside cavities of
25� m into the platform. Primary assembly tests showed that a shallower
etching would be better. The second etching step was then setto a depth of
3� m as seen in �gure 4.3.

4.1.4 Oxide etching

As seen in [140], HF vapor phase etching of the buried oxide isused. Several
reasons explain the choice of this etching technique compared to standard
wet etching.

� The �rst reason is to avoid sticking during the release of themovable
parts of the chip. The HF vapor phase etching being a quasi-dry pro-
cess, there is no presence of liquid and capillary forces between the
movable structures that could cause sticking.
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Figure 4.2: SEM image of the backside of the chip after the delay mask etching
showing the large backside metal contact protected by the PECVD oxide layer,
the buried oxide of the wafer around the sacri�cial layer and the delay mask
process step on the upper part of the image.

Figure 4.3: SEM image of the topside of the chip after the delay mask etching.
In addition to the functional structures, this image also shows the sacri�cial
structures added to the mask to make the process feasible.
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Figure 4.4: Image of the wafer before the release step.

� The second reason is the possibility to singulate the chips out of the
wafer frame during the release process to avoid the need to dice the
chips and perform another wet processes after the release step.

� The third reason is that the wet etching is simply impossibledue to
the through holes across the wafer. In a BHF bath for example,liquid
�ow would have created important out of wafer plane deformations of
the released structures and the yield on the wafer would havebeen very
low or nil.

As an oxide layer has been deposited on the electrical contacts on both
wafer sides, vapor phase etching has to be performed on both sides of the
wafer. A �rst etching step is performed on the backside of thewafer and the
latter is then turned such as the device layer will face the reactive vapor.

After this �nal etching step, chips are released and separated from the
wafer frame. Figure 4.4 shows the processed wafer before this last step and
�gure 4.5 depicts the remaining wafer frame after the release and the sepa-
ration of the chips.
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Figure 4.5: Wafer frame after the release step.

4.2 Complete process �ow

Figure 4.6 shows a schematic of the whole process �ow with thefollowing
steps:

a) Bare wafer.

b) Wet oxidation.

c) Photolithography and patterning of the oxide.

d) Gold evaporation (topside).

e) Gold evaporation (backside).

f) Lift-o� in acetone using oxide and photoresist masks.

g) PECVD deposition of oxide.

h) Patterning of the PECVD oxide by photolithography and wet BHF
etching.

i) Thinning down of the topside wet oxide in BHF.
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j) Photolithography to de�ne the second DRIE etching step.

k) BHF etch of the oxide.

l) Photoresist stripping in oxygen plasma.

m) Photolithography to de�ne the �rst DRIE etching step.

n) RIE etching of the wet oxide.

o) First DRIE steps on top- and backside.

p) Photoresist stripping.

q) Second DRIE steps on top- and backside.

r) Vapor phase HF etching of the buried oxide to etch the remaining
PECVD oxide, release the movable structures and singulate the chips.

4.3 Assembly tool fabrication

In parallel with the device, the assembly tool presented in section 3.2.4 was
fabricated. For this, another SOI wafer was used in order to get a very
precise etching depth. Some tests were made previously witha bulk wafer
but these were not conclusive because of the inhomogeneity of the DRIE
etching depth. The �nal process used is based on a single photolithography
process and one DRIE etching step. To obtain the correct depth, an SOI
wafer with a handle wafer of 360� m and a device of 100� m is used. The
patterning of the opening was de�ned on the backside and DRIE etched. The
obtained structure is shown in �gure 4.7.

4.4 Assembly of the �nal device

The assembly of the submount was performed at Hymite GmbH (Figure 4.8).
They provided six silicon submounts with electronics components assembled
and wirebonded onto and the rest of the assembly was performed by using
a simple assembly setup. It is composed of a planar micrometric table with
three degrees of freedom (X, Y displacements and rotation) and a vacuum
gripper placed above and controlled with a micrometric screw. The alignment
is performed manually under an optical binocular with a magni�cation of 50x.
Although this setup is quite simple, it is easily adaptable to any situation.
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Figure 4.6: Complete process �ow of the fabrication of metalised MOPOS
devices.
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Figure 4.7: Picture of one of the assembly tool (courtesy of Hymite GmbH).
One can clearly see the cavity etched to place the chip into and the central
island supporting the movable platform for the assembly of the lens.

It is also possible to position quite precisely the di�erentcomponents to
be assembled as the stages can be displaced using micrometerscrews. The
precision is then more limited by the optical performance ofthe optics used
to observe the system than by the assembly setup. As the binocular used
has a limited depth of focus, it was not possible to focus at the same time
on both chips to be assembled, limiting the precision of the alignment.

A complete assembly process �ow had to be developed to assemble the
di�erent components of the system. Figure 4.9 shows this procedure.

The �rst assembly step was to glue the lens on top of the platform on a
tested -and perfectly working- MEMS device. This was done byusing the
assembly tool described in section 3.2 and shown in �gure 4.7. Once the
chip was placed in the cavity of the assembly tool, small droplets of glue
are dispensed in the cavities of the platform (Figure 4.10).The size of these
drops have to be well controlled to get -as intended- a zero-gap assembly
between the MEMS platform and the assembled lens. The glue used is a two
components epoxy (Hysol Re2039 and Hd6652) with a low viscosity.

The lens is then assembled on the platform using a vacuum tool. Even
if the passive alignment structures are not visible, it can be clearly seen
that they are functional. By approaching the roughly aligned lens vertically,
one can see the platform moving in order to allow the passive alignment
structures of the lens to �t into the hole of the platform. By removing the
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Figure 4.8: Picture of the silicon submount assembled at Hymite. On the
lower part of the image, one can see the two small alignment structures
(crosses) for the positioning of the MEMS chip.

Figure 4.9: Flowchart of the assembly process.
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Figure 4.10:Picture showing the droplets of glue in the cavities of the platform
of a chip placed into an assembly tool. Tests were performed with one, two
or three droplets of glue per cavity.

vacuum and applying a small force on the lens, the lens comes in contact
with the platform on its whole surface. The chip obtained is then put into
an oven to cure the glue at 80� C during 2 hours.

Once the epoxy is cured, the chip is assembled to the silicon submount.
In this step another epoxy glue (more viscous) and conductive glue are used
to attach the MEMS on the submount. The conductive glue is used to get a
good electrical connection between the handle part of the chip and its corre-
sponding electrode while the epoxy glue is used to get a strong adhesion of
the chip on the submount without using an important quantity of glue. The
adhesion has to be strong enough to withstand the force applied during the
wire bonding of the chip. Once drops of glue are dispensed in the cavities
of the submount, the chip is assembled using the vacuum tool and precisely
aligned on the silicon base. As there is no passive alignmentstructures, it
is much more complicated to perform the alignment of these devices. Fur-
thermore, as the chip to align is quite large compared to the �eld of view of
the binocular at high magni�cation, it is not possible to align both sides of
the chip at the same time. Nevertheless, the assembly was achieved with a
precision of a couple of microns. At that stage of the assembly, it is possible
to see how important is the depth of the cavity on the backsideof the chip.
Figure 4.11 shows the position of the laser diode and its wirebonding into
the cavity. Prior to wire bond the MEMS chip, the glue is curedin an oven
during 2 hours. Figure 4.12(a) shows the chip assembled and wire bonded
on a silicon submount.

After the components are assembled and connected on the submount,
they are proctected by a glass lid. As the solder paste present on the ring of
the glass lid had to be heated up to 300� C, its alignment was performed on
a hot plate. That way, the device could be directly heated in place after the
lid was aligned on the submount.
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Figure 4.11:a) Picture of the chip assembled on the submount. b) The close-
up view shows the position of the laser in the cavity created on the backside
of the chip and the microlens glued on top of the platform.
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(a) (b)

Figure 4.12: Pictures of the MEMS assembly. a) Device assembled and wire
bonded on a silicon submount. b) Final assembled system containing the
MEMS, the lens, the submount, the glass lid and the �ex.

The last assembly step was then the �ip chip bonding [141, 142]. As it
was not possible to perform this operation in-house, it was carried out at
Microbonding SA. First, solder bumps were placed on the electrodes of the
�ex and re�owed. Then, the encapsulated device was aligned on the �ex and
a second re�ow step was performed to bond both chips together. The �nal
result of the assembly is shown in �gure 4.12(b).
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Chapter 5

Characterization of the actuator

In the following chapter, the results of the fabrication will be shown. Af-
ter presenting images of the device, details will be given about the di�erent
unexpected phenomenon that appeared during the process. Then, the dis-
placement and locking behaviour will be exposed. Finally, the assembly of
the complete system will be presented and the optical measurements results
will be shown and compared with the expected values.

5.1 Fabrication results

The silicon device has been built following the process shown in �gure 4.6.
Figure 5.1 and 5.2 shows SEM images of the fabricated device.

5.1.1 Small dots

With a close up view on the surface of the handle wafer on the device side,
small dots can be seen. Figure 5.3 show these small structures. The periodic
placement of the dots is the same than the one of the sacri�cial structures
etched on the device layer. Following this observation, thequestion is : where
do these come from?

Obviously, it somehow comes from the process and is related to the HF
vapor phase etching.

One possibility is that these dots could come from an accumulation of
the doping ions present in the oxide of the SOI wafer. Boron highly doped
wafers were used for the fabrication of the chips. When boron doping is used,
a relatively high concentrations of these ions are also present in the oxide.
Figure 5.4 shows the concentration of boron ions in the silicon and in the
oxide. It clearly shows that the concentration in the oxide is about the same



88 Chap. 5: Characterization

Figure 5.1: Sem image of the device layer side of the fabricated chip.

Figure 5.2: Sem image of the backside of the fabricated chip.
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(a) (b)

Figure 5.3: Images of the small dots present on the handle wafer surface. a)
SEM image. b) AFM image. The size of these are about 1-2� m in diameter
and 50nm in height.

than in silicon. For silicon bulk resistivity of 0.01
cm , the doping concentra-
tion in the oxide is about5� 1019 cm� 3. During oxide etching, silicon dioxide
disappears but the ions of boron stay where the reaction droplets is forming.
Figure 5.5 shows the possible scheme of formation and concentration of the
atoms at the points where the oxide is etched at last. It also depicts an other
possible scheme of formation of these dots coming from residues present at
the oxide surface.

To determine if this theory is plausible, we can compare the size of the
dots with the volume of boron contained in the oxide.

The boron atoms are concentrated at the points situated below the grid of
the sacri�cial structures. This corresponds to an area of37� 19 = 703� m2.
With an oxide thickness of2� m, the volume isVSiO2 = 703 � 2 = 1406� m3.

The total number of boron atoms contained in this volume is then:

Nboron = Boron concentration � V olume of SiO2

Nboron = 5 � 1019 � 1:406� 10� 9 = 7:03� 1010 (5.1)

The mass (in grams) of an atom of boron is:
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Figure 5.4: ATHENA simulation of the boron concentration at the interface
between doped silicon and growth oxide.

M grams
boron =

Atomic weight amu
NAvogadro mol� 1

=
10:811

6:022� 1023

M grams
boron = 1:7952� 10� 23 g (5.2)

The volume of boron can then be determined by:

Vboron =
Mass of boron

Density of boron
=

M grams
boron � Nboron

Density of boron

Vboron = 5 � 10� 13 cm3 = 0:513� m3 (5.3)

Where the density of boron isDensity of boron = 2:46 g=cm3.
The comparison of this value with the size of the dot shown in �gure 5.3

shows that the volume is in the same order of magnitude. This explanation
can then be veri�ed by other techniques such as EDX (Energy-Dispersive
X-ray spectroscopy) analyze or TEM (Transmission ElectronMicroscope)
imaging prepared with a FIB (Focused Ion Beam).
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Figure 5.5: Possible scheme of formation of the small dots. These could come
from the two phenomenon shown. On the left side, particles or impurities
present on the surface of the oxide are �nally deposited under the released
structures. On the right side, the same possible phenomenon with impurities
or particles present inside the oxide is depicted.
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Unfortunately, boron cannot be detected by EDX or TEM analysis. To
determine if these structures come from the dopants presents in the oxide,
the same process was performed with Arsenic doped wafers. After vapor
HF release of the sacri�cial structures, the same dots couldbe observed. By
analyzing the composition of these, information about the ones created on
p-doped wafers can be deducted. If Arsenic is found on n-doped wafers, it
would mean that in the case of p-doped wafers, the studied structures should
be made of boron.

A �rst EDX analysis was made on structures formed on n-doped wafers
but as their sizes being very small, nothing else than silicon was found. It
was then decided to analyze them by TEM. For this analysis, asTEM can be
performed only on very thin samples, a FIB (Focused Ion Beam)was used
to cut a very small piece of silicon to be analyzed. A �rst goldprotective
layer was sputtered on the device. Then, a metal mask was deposed on the
small bump and the slice was cut into the silicon using FIB. Figure 5.6 shows
the TEM image and its analysis. In the area corresponding to the studied
dot, nothing else than silicon and a very little bit of oxygenwas found. This
analysis does not con�rm any of the possible explanations exposed before.
This should mean that either these dots are remaining silicon dioxide that
is not etched, pure silicon that is initially present into the silicon dioxide or
silicon �dusts� coming from DRIE etching of the silicon.

5.1.2 Silicon hairs

After fabrication of the devices, small silicon hairs were observed on the side
of the steps etched in the backside. Figure 5.7 shows these small silicon
needles. Even if these were not a problem from a mechanical point of view,
a solution had to be found to remove them because of electrical issues. As
seen in chapter 4.4, as a laser diode has to be assembled and wire bonded
under the chip, any electrical short circuit has to be avoided between the
wires of the diode and the MEMS chip. Additionally, the presence of any
small silicon particle has also to be avoided between the electrodes and the
combs of the actuator to prevent shortcuts that will burn theactuator and
thus returning the chip disfunctional.

To remove these needles, an additional isotropicSF6 etching �ash had
been added at the end of the etching process after the oxygen plasma. With
this etching, the shape of the sidewalls are slightly modi�ed by thinning
the silicon structures. These modi�cations are quite small(about half a
micrometer) and do not prevent a correct behavior of the device. Fortunately,
this additional step is not required on the device layer sideof the wafer
because in this case, it would have modi�ed the width of the thin beams and
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Figure 5.6: TEM image of the slice cut by FIB. The di�erent layers can
be seen in the following order: platinum (�rst layer on the right side of the
image), gold (black layer on the image), analyzed dot, silicon (gray material
on the bottom-left of the picture).
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Figure 5.7: SEM picture of the unwanted silicon hairs on the backside step.

change the characteristics of the chip.

5.2 Displacement characterization

To characterize the displacement of the actuator, the best way is to divide its
movement into three main axis. The X axis and the Y axis by applying the
same voltage on two actuators and the XY direction by applying a voltage
to only one combdrive pair.

Most of these measurements are performed using a Veeco Wyko 1100
DMEMS white light interferometer to measure at the same timethe planar
displacement and the vertical position of the platform. They were achieved
on a MEMS device before any assembly (i.e. without lens) to allow to be
compared to the simulated values. To measure the precise position of each
element of the chip, the pattern recognition toolbox of Matlab was used.
Figure 5.8 shows the processed image with the di�erent anayzed structures
position.

5.2.1 Movement parallel to the X axis

By applying the same signal to both actuators in order that they move in the
same direction and of the same amount, the platform moves thesame way
along the X axis. Figure 5.9 shows the resulting displacements in X, Y and Z
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Figure 5.8: Processed image used for the pattern recognition toolbox of Matlab.

as such a signal is applied. The X displacement shows a quadratic behavior
as expected. The green curve also shows that the platform is lifted slightly
during the displacement. This should be due to the non symmetry of the
electric �eld lines in the combdrives (due to the presence ofthe handle under
the polarized electrode). A small Y displacement can also beseen. This can
be due to two major reasons:

� The displacement of both actuators are not exactly the same.

� The sample was slightly tilted under the microscope.

To determine which of these two reasons is valid, the displacement di�er-
ence between the two actuators was plotted. Figure 5.10 shows these values.
A maximum of about half a micron is shown. This di�erence being within
the error bars, it is not possible to conclude that there is a displacement
di�erence between the two actuators. Thus, the small Y displacement shown
in �gure 5.9 should certainly be due to a bad alignment of the sample under
the microscope. This is probable because a precise in-planealignment is not
easily done as it has to be carried out manually.
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Figure 5.9: Graph showing the measured displacement while the same voltage
is applied on both actuators to move the platform in the X direction.

Figure 5.10: Graph of the �X� displacement of both actuators and their dis-
placement di�erence. The maximum di�erence shown is in the order of half
a micrometer.
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Figure 5.11: Graph showing the measured displacement of the platform and
one actuator while the same voltage is applied on both actuators A and B
(Figure 3.9) to move the platform in the �-Y� direction.

5.2.2 Movement parallel to the Y axis

The same type of measurement was performed by applying the same voltage
on two actuators to move them in opposite directions. By pulling them
apart, as seen in section 3.1.2, the platform moves along theY axis as shown
in �gure 5.11.

As seen in section 3.3, the Y displacement of the platform is related to
the variation of distance between the two actuators. Figure5.12 shows the
Y displacement of the platform as a function of the di�erential position of
the side actuators. To determine the value of the function obtained in
section 3.3, a curve �t can be applied to the resulting points. This �gure
shows the results for two types of �t; a linear one and polynomial of second
degree. Both �ts are very close and even if the shape of the polynomial seems
to be more precise than the linear one, both are comprising into the error
bars.

Following this �t, the  function can be determined as following:

 (a) = � 0:00455� � (a)2 + 0:98261� (a) � 0:40438 (5.4)

and as seen in section 3.3:

yplatform =  (x2 � x1) (5.5)

yplatform
�= � 0:004� (x2 � x1)2 + 0:98� (x2 � x1) � 0:40 (5.6)
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Figure 5.12: Graph of the �Y� displacement of the platform as a function of
the distance variation between the two actuators. The obtained results are
�tted linearly and with a polygonal function of second order. In this graph
the distance variation is calculated by subtracting the position of one actuator
to the position of the second one.

This result shows that the �tted function is almost linear with a slope of1.
This is con�rmed by the linear �t of the data in �gure 5.12, tha t gives a linear
function with a slope of about1. These results are in a very good agreement
with the simulated ones. In the simulations, the relation inequation 3.11
shows that for one spring of the device, the displacement of the platform
in the axis perpendicular to the actuator displacement is doubled. In the
real case, to obtain a displacement in this vertical direction, both actuators
have to move in opposite direction to create the reaction force implicitly
created during the simulation. This means that if one actuator moves of a
distanced, the other one has to perform the same displacementd to deform
the beams and allow the platform to move in the orthogonal direction. Thus,
the distance variation between the actuators will be2d, which corresponds
to the distancey = 2d traveled by the platform. It is then correct to get a
measured linear relation with a factor of about1.

5.2.3 Movement in the other directions

By combining di�erent voltages on both sides, any XY displacement within
the displacement area can be obtained. To show this, a displacement ob-
tained with a variable voltage applied on one side and a nil signal applied
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Figure 5.13:Graph showing the measured displacement of the platform while a
voltage is applied to only one electrode. In this case, electrode B (Figure 3.9).

on the other electrode is shown in �gure 5.13. It is then possible to compare
these displacements with the functions and hypotheses set out in section 3.3.
In �gure 5.14, the Y displacement is plotted versus the position di�erence
between the actuators. In this case, the displacement of theplatform is the
predicted one. In �gure 5.15, the X position is plotted and compared to the
mean value of the displacement of both actuators. It can alsobe seen that
this corresponds with the expected behavior. In these graphs, one can clearly
see that the displacement of the platform is:

� In X direction: the same than the mean position of the actuators.

� In Y direction: the same than the position variation betweenthe actu-
ators.

5.2.4 Maximal displacements

Maximal displacements analysis was performed. The platform is not stable
enough to allow the combdrives to move with its full possibledisplacement
range. This is depicted in �gure 5.16. Due to the torsion forces created by
the bending of the compliant suspension beams, after a certain motion range,
the stabilisation springs are not strong enough to avoid therotation of the
structure supporting the combdrives. This results to a low rotation of the
structure, creating a dissymetry of the electrostatic force in the combdrives
and a side pull of these [143]. This phenomenon could be reduced by modi-
fying the strength of the supporting springs but it was decided not to do it
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Figure 5.14: Graph showing the �Y� displacement of the platform and the
position di�erence between the left and right actuators versus the applied
voltage. For this set of measurements, the signal is applied on electrode B
(Figure 3.9).

Figure 5.15: Graph showing the �X� displacement of the platform and the
mean position of the actuators versus the applied voltage on electrode B (Fig-
ure 3.9).
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Figure 5.16: Principle of side-pull of the combdrives actuator. a) Actua-
tors at rest. b) Actuator moved to its full displacement range. c) Side-pull
phenomenon occuring in the middle of the displacement range.

because the displacement range was already large enough and, by increasing
the springs stability, higher voltages actuation would have been needed.

The maximal displacements measurements were carried out byslowly
increasing the voltage on each actuator independently. This is important
to avoid the large overshoot of the platform displacement (visible in �g-
ure 5.19(a)). The position of the central platform was captured on a video
�le. Once the side-pull voltage reached, the position of theplatform before
the large and unpredictable displacement of the platform due to the side-
pull was measured on the screen by overlaying a scale based onthe pixel
of the CCD camera. By using a large enough magni�cation objective, the
precision of this measurement is in the micron range. Figure5.17 shows the
maximal displacements achieved with a device with springs and compliant
beams width designed at 3.5� m. Depending on the width of the springs,
the displacements obtained are the same but corresponds to excitations with
di�erent amplitudes. It can be observed that the maximal displacement in
the Y direction is much larger than in the X direction (about double). As
the spring shape was chosen to obtain a displacement ratio ofa factor of two
between these two directions (Section 3.4.1), this larger Ydisplacement was
predicted.

In the speci�cations, the required range of motion was 10� m in one di-
rection and 15� m in the other. This graph (Figure 5.17) shows that the
possible displacement is much larger than the required one.

It can also be seen that the Y displacement is not the same in the two di-
rections. This was con�rmed by further simulations performed on the springs.
These showed that the spring design was more stable in compression (while
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Figure 5.17: Maximal displacements achieved with the scanning platform.
This range of motion is much larger than the one required by the initial
specs.

moving the stage in the -Y direction) than in extension (corresponding to a
displacement of the platform in the +Y direction). This can explain why the
-Y displacement is larger than the +Y one.

5.2.5 Repeatability of the displacement

Figure 5.18 shows the displacement of the platform with the same voltage
applied hundred times. Most of the measurements are within arange of
less than half a micron. The other measures out of this range are due to
pattern recognition software problems. This set of measurements was not
performed with the last Matlab based developed algorithm and there was
some bug due to very small variations on the intensity of light coming on the
device. In case of a �bad� value, one can see on the data table obtained from
the measurements that sometimes, the software does not recognize the right
shape to be measured, what creates either a missing or a �wrong� value.

5.2.6 Full characterization of the platform's behavior

Automatized measurements were performed to receive information about the
displacement of the actuator for each possible voltage pair. This was made
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Figure 5.18: Graph showing the repeatability of the displacements.

by piloting the Wyko DMEMS white light interferometer with M atlab. A
routine was then used to do a pattern recognition analysis ofthe obtained
image and determine the position X, Y and Z of the platform forevery
voltage pair. Starting from this database, it is possible toknow which voltage
has to be applied to reach any point of the 2D plane. For the intended
application, these information are not needed as a feed-back loop is used
to maximize the coupling without need to know the precise position of the
device. Nevertheless, it was interesting to perform this kind of analysis for
other potential applications such as scanners or displays.

5.2.7 Dynamic measurements

Dynamic measurements were performed on the device. These gave us the
possibility to calculate the resonance frequency of the actuator.

To carry out these measurements, the Wyko DMEMS white light interfer-
ometer was used. A square signal was applied to the device anda stroboscopic
illumination synchronized with the camera was used. By choosing the phase
o�set between the signal generated and the illumination pulse, it was possi-
ble to visualise the device in position along its displacement. A scan every
2degreesalong the 360degreesof phase was performed to get the full graph
of the position of the platform along the voltage step. This measurement can
be seen in �gure 5.19(a). A square signal of 40V with a duty cycle of 50%
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(a) (b)

Figure 5.19: Measured step response in �-Y� direction (Figure 3.10) of a
fabricated actuator. a) Measured displacement of the actuator and voltage
applied on the combdrives. b) Fourier transform of the obtained step response
showing a resonance peak at 717.2Hz. Excellent agreement with the simulated
value of 695.03Hz (Figure 3.30).

and a frequency of 60Hz was applied to the two outer electrodes in order
to create a displacement of the platform in the -Y axis. It canbe seen that
the damping is very low and the device is still vibrating whenthe voltage
is turned on or o�. To get a better idea of the damping factor, it would
have been necessary to perform the same measurement with a lower actua-
tion frequency. Unfortunately, this was not possible due tosynchronization
problems of the camera with the illumination at lower frequencies.

The determination of the resonance frequency was then performed by
applying a Fourier transform (Figure 5.19(b)) to the step response of the
actuator (Figure 5.19(a)). It gives a resonance frequency of 717.2 Hz. This
value can be compared to the simulated value shown in �gure 3.30 where the
resonance frequency was 695.03 Hz. These results are in verygood agreement,
the error between the measured and the simulated value beingabout three
percent.

5.3 Locking characterization

As explained in chapter 3.1.2, once the device is moved in thedesired po-
sition, it can be locked in place. Two locking modes were experienced: the
temporary locking and the permanent one. These di�erent regimes can be
shown in �gure 5.20. This graph shows that the permanent locking occurs
when a certain current �ows between the movable platform andthe handle
of the chip.
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Figure 5.20: Graph showing the results of locking test. At low current, tem-
porary locking occur and for higher current permanent locking can be seen.

5.3.1 Temporary locking

As seen in �gure 5.20, if the current �owing between the platform and the
handle is not large enough, no �bonding� phenomenon occurs.This means
that as long as the locking voltage is applied, the platform stays in the same
position independently of the voltages applied on the actuators but when the
locking voltage is set back to zero, the platform goes back toits equilibrium
position.

Concerning this locking regime, a very interesting phenomenon was ob-
served: as an increasing voltage is applied between the movable structures
and the handle, the platform moves towards the polarized handle. At a
certain voltage, both parts are in contact (Figure 5.21). Bycomparing this
graph with the measured current �owing through the interface, it can be seen
that it is possible to have contact without current (Figure 5.21). This means
that it is possible to keep the platform in place temporarilybut with a very
low energy consumption as the current �ow is very low. As the voltage is
further increased, the current increased consequently up to the permanent
locking regime.

5.3.2 Permanent locking

In this case, if the current �owing through the interface is large enough, the
surfaces in contact are locally �bonded� and the platform stays in the desired
position even after the locking voltages is reset to zero. Various parameters
play a role in this phenomenon:
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Figure 5.21: Behavior of the device as a voltage ramp is applied between the
movable platform and the handle of the chip. The blue curve shows the height
of the platform versus the applied voltage. The red curve shows the measured
current �owing through the device.
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� The current �owing between the electrodes.

� The duration of the applied signal.

The relation between the current (and the voltage) and the locking regime
can be seen in �gure 5.20. Several measurements were carriedout with the
same chip. Once it was locked, a mechanical release of the structure had
to be performed. A prober needle was used to apply a shear force to the
platform in order to release it. For large current applied, the platform was
so strongly attached that it broke while it was displaced.

The duration of the applied signal is also an important parameter deter-
mining the locking regime. For a given current �owing through the interface,
it is possible to get either a temporary or a permanent locking depending on
the signal length. Figure 5.22 shows this time dependence. For example, if a
current of 300� A �ows through the device, it will not be permanently locked
for signal duration below �ve minutes. By increasing the signal length, a
permanent locking can be observed. This �gure also shows that the larger
the current, the shorter the locking signal has to be applied.

To study the long term behavior of the locking, aging tests were com-
pleted. Once locked, a couple of chips were placed in a environment chamber
creating large temperature variations. After standard aging cycles, all plat-
forms were still locked in the same position than when the locking voltage
was applied.

Basic shock tests were also performed on permanently lockeddevices.
Once the platform held in place, chips were disconnected anddropping tests
were carried out. After a drop of one meter the device withstood the shock
of hitting a hard surface.

5.4 Optical measurements

Initial optical tests were performed with the second version of the actuator
to show the feasibility of the concept of optimization of thecoupling. Fig-
ure 5.23 shows the system tested. It is composed of a MEMS chipglued
and wirebonded to a PCB with a quartz lens assembled on top. The device
was driven by a simple Labview program to maximize the coupling of the
light coming from a red laser into a multimode �ber. These �rst tests -even
though the labview program was not optimized- showed the feasibility of the
concept. Of course, as it was performed with visible light, aquartz lens and
a multimode �ber, the result is not fully representative but it showed the
possibility to steer light and inject it into an optical �ber .
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Figure 5.22: Relation between the locking regime and the duration of the
locking signal applied.

Figure 5.23: Picture of a chip wirebonded to a PCB with a quartz lens as-
sembled on top.
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Figure 5.24: Picture of the optical measurement setup.

Further optical measurements were performed with the setupshown in
�gure 5.24. It is composed of a system that holds the assembled system as
shown previously on �gure 4.12(b) (chip holder), a movable holder containing
electrical pins to contact the device and a beam analyzer. The latter is
controlled by with a computer and synchronized with an algorithm allowing
to calculate the position of the focusing point as well as thewidth of the
beam at this point. An algorithm has to be used for that because this point
cannot be measured as it is too close to the device and the mechanical parts
of the setup does not allow the parts to come at that distance.The minimal
gap between the device and the beam analyzer is of a couple of millimeters.

As the setup was not fully operational only partial characterization of the
beam steering could be performed. The goal of these optical measurements
was then to perform basic displacement characterization tohave the possi-
bility to compare the behavior of the MEMS before and after the packaging
process described in section 4.4. For that, initial measurements were per-
formed without applying any signal on the device to look at the shape of the
optical beam. Then, the displacement of the light spot versus the driving
voltage applied was measured.

5.4.1 Measurements at rest position

Figure 5.25 and 5.26 shows the beam coming from the laser diode assembled
on the submount without applying any voltage on the MEMS device. These
images show that in one direction (direction X), the beam presents a nice
Gaussian shape but in the other direction (direction Y), theobtained beam
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Figure 5.25: Cut-o� of the measured beam along the X and Y axis.

shape is far from being Gaussian. This is due to the fact that the laser
diode has a much larger numerical aperture along Y axis and atthe lens
level, the beam is wider than the lens. This phenomenon was predicted
because the initial lens diameter should have been 600� m, but the ones
used during the assembly had a diameter of �only� 500� m. With this beam
shape, it is possible to determine quite precisely the position of the beam or
its displacement, but it is barely impossible to determine its exact focusing
point or width.

Table 5.1 shows measurements of the beam at various distances between
the chip and the detector. From these, it is possible to measure the initial
distance between the detector and the position of the focus as well as the
shape and position of the beam while the MEMS chip is at rest. This will
be done with a linear approximation of the divergence of the beam.

Working with a Gaussian beam, the focal depth of the lens should be
taken into account. The beam opening angle� cannot be determined in this
range with a linear approximation. The depth of focus is twice the Rayleigh
range:

2z0 =
2�W 2

0

�
(5.7)

In the present case, the focal depth being much smaller than one millime-
ter, it is possible to use the linear approximation of the beam propagation.
A schematic of the system is shown in �gure 5.27.

To determine the distance between the focus and the beam analyzer (x,
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Figure 5.26: 3D image of the measured beam.

Figure 5.27: Schematic of the analyzed beam. The measurements are per-
formed far from the depth of focus limit. The origin on the optical axis is set
at the furtherer measured point (o).
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Beam
analyzer
position � m

Beam X
position � m

Beam Y
position � m

Beam
X width
(13%) � m

Beam
Y width
(13%) � m

0 7561 7863 4752 5825
-2500 7490 7988 4142 4973
-5000 7352 8115 3378 4130
-7500 7247 8177 2651 3253
-10000 7145 8116 1926 2357
-11000 7106 8085 1645 1998
-12000 7063 8049 1354 1645
-12500 7045 8029 1226 1468

Table 5.1: Beam size and position depending on the position of the beam
analyzer.

Figure 5.27), the angle� should be �rst determined. This value was calcu-
lated for each measurement shown in table 5.1. As the beam didnot change
between the measurements, the obtained value should have been the same
but quite di�erent results were obtained. They are recapitulated in table 5.2.

This table shows that the calculation of the angle and the distance be-
tween the focus and the detector is not very reliable. By averaging the
obtained values, the results are the following:

�� = 173:46� 16:6 mrad (5.8)
�= 10 degree (5.9)

From this mean value one can calculate the distance between the origin
and the focal point:

Position of the focus =
Beam width=2

tan( �� )
(5.10)

= 16621� m (5.11)

= 16:6 mm (5.12)

5.4.2 Measurements with applied voltages

Figure 5.28 shows the measured shape of the beam spot while the MEMS is
at rest and the same measurement while a voltage is applied onone electrode
of the chip. It can be clearly seen that the beam is displaced of a certain
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Beam analyzer
position
measurement � m

Beam an-
gle � mrad

Distance
x � m

Position
of the
focus � m

0 168.8 17092 17092
-2500 167 14747 17247
-5000 173.6 11773 16773
-7500 177.3 9076 16576
-10000 177.6 6565 16565
-11000 174.7 5660 16660
-12000 175.1 4646 16646
Meas on tot. dist. 172.5 16711 16711

Table 5.2: Beam � angle, d distance and focus position calculated depending
on the position of the beam analyzer.

distance. By applying a Gaussian �t to the measured curve, the center of the
beam can be determined. Figure 5.29 and 5.30 shows the displacement of
the center of the spot versus applied voltages on one actuator of the MEMS
chip. Figure 5.29 shows the displacement of the light beam asa voltage is
applied on only one actuator (in this case, actuator B) and �gure 5.30 is
a combination of the displacement of the beam as voltages areapplied on
electrodes D (negative voltages) and B (positive voltages).

For these measurements, the beam analyzer was positioned asclose as
possible to the MEMS device. Its position related to the moving stage origin
(shown in �gure 5.27) was12:724 mm. The determination of the distance
between the focus and the beam analyzer can be calculated with the value
obtained in equation 5.12:

dmeasurements
�= 3:987 mm (5.13)

5.5 Comparison with simulations and previous
measurements

It is possible to compare the measurements with the simulated values and the
measurements performed on a device without assembled lens.By plotting
the optical measurements and the simulations results in thesame graph, a
good agreement of both (normalized) data sets can be observed (Figure 5.31).
In this graph, the data had to be normalized to be compared because the
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Figure 5.28: Shape di�erence between the initial beam and the displaced one
while a voltage is applied on electrode B (Figure 3.9).

Figure 5.29: Graphs showing the displacement of the light spot as di�erent
voltages are applied on electrode B (Figure 3.9).



5.5 Comparison with simulations and previous measurements 115

Figure 5.30:Displacement of the light spot as di�erent voltages are applied on
both right actuators (push and pull). Graphically represented positive voltages
corresponds to signal applied on electrode B and negative ones corresponds to
signal applied on electrode D (Figure 3.9).

measurement of the displacement of the optically steered beam is much larger
than the displacement of the MEMS itself due to the magni�cation of the
lens. It was also inverted because the image of the single lens optical system is
inverted in the image plane. It can be seen that all these curves are very close
even though the device was not in the same position during themeasurement.
For the optical measurement, not only a lens was assembled onthe platform,
but the position of the whole device was not the same. During the MEMS
measurements, the latter was positioned in the horizontal position while it
was in the vertical one for the optical experiments. This could have caused
a di�erence in the results due to the gravitational force acting on the mass
of the assembled lens but �gure 5.31 shows that this is not thecase and that
the device is stable enough. Of course, the measurement setup was stable
and it could be interesting to repeat these measurements in other positions
and acceleration conditions.
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Figure 5.31: Comparison between the simulated and measured platform dis-
placements and optically measured beam steering (normalized).



Chapter 6

Conclusion

Conclusion on the fabricated device

A 2D MEMS scanner for �ber coupling applications was developed, simu-
lated and fabricated. A new process combining a double delaymask etching
combined with gold metalizations on both sides of the wafer was developed.
Characterization measurements such as locking, displacement and resonance
frequency were performed on the device before assembly and they agree with
the simulated ones. Concerning the resonance frequency, the di�erence be-
tween the measured and the simulated value is less than 3%.

The MEMS was then assembled with the other elements of the system
to obtain a fully packaged optical system containing MEMS, laser diode,
microlens, electronic components and glass lid. Optical measurements were
performed with such a full system and were compared to the previously
simulated and measured characteristics of the MEMS actuator. A range of
motion suitable for optical �ber coupling was achieved.

During the project, several improvements were made on the chip level to
optimize its interfacing with the �macroscopic world�. These main improve-
ments were, but not limited to, the following: the size and shape of the chip,
the position of the contact pads and their metalization, theadded cavities
on top and backside facilitating the assembly of the complete system and the
position and shape of the platform on the chip. This was performed with
success as it has been possible to assemble and test a complete system. The
negative point is that with these modi�cations, the other components of the
chip had to be also slightly modi�ed depending on the processand the con-
�guration of the optical system. Thus, when the chip was almost optimized
for one con�guration, it had to be re-optimized for the new arrangement.
As a consequence, for the last design with the last con�guration, the design
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was not fully optimized. Nevertheless, it did work quite well but has some
negative points:

� Its fragility. Although the system works without and with th e assem-
bled lens, the system, once assembled, is quite fragile and does not
resists to large shocks or accelerations. For this reason some of the
fully assembled device broke during testing due to device handling.

� Its process reliability. Even if most of the process challenges were
solved, the process reliability has to be increased, the number of work-
ing chips being far from an eventual commercial product.

� The assembly precision. Despite the fact that we could assemble a
couple of fully working systems, improvements have to be made in the
assembly level. Steering of a light beam was shown but the precise
alignment required in the direction parallel to the opticalaxis was cer-
tainly not as good as required. New assembly and characterization tools
should be developed to ensure a better quality of the system assembly,
especially for the alignment of the chip on the submount.

The major problem encountered to perform the �nal optical measure-
ments did not come from the chip itself, nor from the lens to glue on top
but from the small number of available submounts with diode and electron-
ics assembled. Starting from the six pieces obtained, it wasvery di�cult to
get more than the three working systems we had at the end of theassembly
process.

Outlook

The major improvements to be done to develop further the system will be
on three sides.

First, tools to assemble the MEMS actuator on the submount chip have
to be developed. With the assembly setup used for the �rst prototypes, it is
rather impossible to get a reasonable yield and a good precision reproducibil-
ity.

Second, the reliability of the process has to be increased, especially dur-
ing the vapor phase etching step to avoid the metalization topeel-o�, phe-
nomenon observed on several chips while taking them out of a �GelPack�, for
example.

Finally, the shock resistance of the MEMS has to be increased. This can
be done with designing slightly thicker beams and springs. Of course, in this
case, the actuation voltage needed will increase, but the current required
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voltage is much below the limit given in the specs. Tests haveto be done
to see if in this case, the locking mechanism will work the same way but
it should not be a problem regarding the tests performed withthe previous
version of the MEMS.
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Acronyms

Abbreviation Signi�cation

CVD Chemical Vapour Deposition
DRIE Deep Reactive Ion Etching
EDX Energy-Dispersive X-ray spectroscopy
FIB Focus Ion Beam
GBIC GigaBit Interface Converter
IMT Institute of MicroTechnology
LOR Lift-O� Resist
LPCVD Low Pressure CVD
MEMS Micro Electro Mechanical Systems
MOEMS Micro Opto Electro Mechanical Systems
MOPOS Micro Optical POsitioning System
PECVD Plasma-Enhanced CVD
RIE reactive Ion Etching
RF Radio Frequency
SAMLAB Sensors, Actuators and Microsystems LABoratory
SOI Silicon On Insulator
SMF Single Mode Fiber
TEM Transmission Electron Microscope
TCVR Transceiver
XAUI X Attachment Unit Interface



138 Acronyms



Physical constants

Constant name Value

Young's modulus of silicon E = 160 GPa
Permittivity of free space � 0 = 8:854� 10� 12 A � s=V � m
Density of silicon DSi = 2:33 g=cm3

Density of boron DBoron = 2:46 g=cm3

Atomic weight of boron MBoron = 10:811 amu
Avogadro number NAvogadro = 6:022� 1023 mol� 1

Wavelength for optical telecommunications � telecom = 1330 to 1550 nm
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