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RESUME DE LA THESE EN FRANCAIS

Cette these décrit le design, la simulation et la fabrication d’une matrice 4x4 de mi-
cromiroirs actionnée verticalement et munie d"un capteur de position. Le microscanneur
vertical a pour vocation d’étre intégré au sein d’un micro-interférometre de Mirau
de type matriciel, réalisé a base de composants micro-optiques fabriqués grace a des
méthodes collectives. Le mouvement du microscanneur géneére un signal de référence
utilisé pour l'implémentation de l'interférométrie a modulation de phase dans un

systeme de tomographie par cohérence optique (OCT).

La these s’inscrit dans le cadre du projet européen FP7 nommé VIAMOS. Sept
partenaires européen ont travaillé en collaboration pendant trois ans et mis en commun
leurs expertises respectives afin de réaliser un systeme OCT basé sur un interférometre

de Mirau de type matriciel et intégré verticalement.

De nouveaux systemes d’imagerie adaptés pour la détection précoce des cancers
de la peau sont nécessaires pour répondre aux besoins spécifiques imposés par cette
application. En particulier, la profondeur d’imagerie et la résolution sont deux car-
actéristiques fondamentales. En effet, le diagnostic du cancer de la peau nécessite une
profondeur de pénétration d’au moins 500 um afin de visualiser les tissus jusqu’a la
jonction dermo-épidermique. De plus, une résolution autour de 6 um est nécessaire pour
visualiser les cellules de la peau. La technique OCT a I’avantage de répondre a ces deux
criteres contrairement a d’autres systemes d’imagerie qui en privilégient un au détriment
de l'autre. Enfin, les systemes OCT existent mais sont tres couteux et encombrants ce qui
limite leurs acceés pour de nombreux hopitaux. Ainsi, la miniaturisation du systéme est
une solution a ces deux problemes et est la base de la problématique de cette these.

A partir des spécifications données ci-dessus, le design du systtme OCT basé sur
le micro-interférometre de Mirau est présenté. Le systeme est un OCT plein champ
a source a balayage en longueur d’onde. Cette méthode est basée sur l'acquisition
de l'interférogramme spectral (intensité du signal interférométrique en fonction des
longueurs d’ondes balayées) auquel on applique ensuite une transformée de Fourier
afin de retrouver l'interférogramme spatial (intensité du signal en fonction de la pro-
fondeur dans le tissu analysé). De plus, en plein champ, un champ de vue est imagé

sur une caméra a chaque acquisition. La combinaison de ces deux méthodes permet

vii
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d’augmenter la vitesse d’acquisition d’images par rapport a une méthode classique ou
I'interférogramme est enregistré point par point et ot le miroir de référence est utilisé
pour scanner axialement 1’échantillon et un autre miroir permet de scanner latéralement
le champ de vue. Enfin, I'utilisation de méthode interférométrique a décalage de phase
améliore la sensibilité du systeme en éliminant des termes parasites liés a ’application
de la transformée de Fourier. Cette these se focalise sur la miniaturisation d'un in-
terférometre de Mirau et, en particulier, sur le développement d’un microscanneur
vertical permettant le décalage de phase au sein de l'interférometre. L'interférometre de
Mirau a été choisi pour la compatibilité de son architecture verticale avec les techniques

d’assemblage de la microfabrication.

Dans un premier temps, 1'état de 1'art des principes de micro-actionnement illustrés
par des exemples issus de la littérature est étudié. Il existe quatre grands groupes
de technologies de micro-actionnement: piézoélectrique, thermique, magnétique et
électrostatique. L’actionnement électrostatique a base de peignes interdigités est choisi
pour actionner et lire la position de la matrice de micromiroirs. En effet, ce type
d’actionnement permet de répondre aux exigences d’actionnement imposées par la
méthode de modulation sinusoidale de phase. L'amplitude de déplacement requis est
calculée en fonction de la longueur d’onde utilisée et est, dans notre cas, égale a 350 nm.
De plus, la fréquence d’actionnement est fixée en fonction des différents parametres de
vitesse du systeéme et est, ici, égale a 500 Hz. Enfin, la technologie de peignes interdigités
est relativement simple a adapter a notre design car elle peut étre basée uniquement sur

du silicium.

Dans un second temps, le développement du microscanneur vertical, c.a.d le design et
les simulations ainsi que la fabrication et la caractérisation, est présenté. Le design du
microscanneur vertical répond aux spécifications du systeme optique et en particulier
garantie une ouverture transparente autour des micromiroirs. Ce dernier point est lié
a la configuration verticale du micro-interférometre de Mirau, qui a pour conséquence
le passage de la lumiere des lentilles vers la lame séparatrice en passant par le plan du
miroir de référence. Pour obtenir cette configuration atypique, dans laquelle le plan des

micromiroirs est transmissif, deux designs sont proposés (Fig. 1).
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(a) (b)

Micromirror

Glass membrane

Release structure

Figure 1: Designs du microscanneur vertical: (a) design basé sur du verre, (b) design basé
sur des suspensions en silicium.

Un premier design est basé sur l'intégration d'un support transparent en verre au
sein d'une plateforme actionnée en silicium et un deuxiéme design considéere des mi-
cromiroirs suspendus par des suspensions courbées en silicium. L'impact des suspen-
sions optiques sur la qualité optique du systéme est étudié et les résultats montrent
que leur impact est négligeable pour une gamme de parametres de design des suspen-
sions. Une simulation mécanique montre que la déformation verticale de la plateforme
actionnée (8 mm x 8 mm) sont négligeables. De plus, des simulations mécaniques et des
calculs de raideur permettent d’optimiser les dimensions des suspensions qui maintien-
nent la plateforme, en fonction du poids des deux designs. Enfin, les résultats des simu-
lations électrostatiques contribuent a définir les parametres de ’actionneur et du capteur

de position (nombre de peignes interdigités, espace entre les peignes,...) (Fig. 2).

. \
\erlap .

== Fixed
Movable

Figure 2: Schéma des peignes interdigités verticaux ainsi que ses parametres.

Trois technologies de microfabrication sont proposées et réalisées. La premiére technolo-
gie vise a, intégrer d’abord un support en verre sur la plateforme actionnée, puis a utiliser
I'enduction par spray et la photolithographie par projection pour patterner la surface
non plane du silicium crée par le support en verre. La seconde stratégie est de, d’abord
structurer le silicium puis ensuite intégrer le support en verre par thermocompression

Au/Au. La couche d’or permet alors de connecter le silicium et le verre mais également



de protéger la couche d’oxyde (BOX) intégré au substrat SOI (Silicon on Insulator) pen-
dant la gravure du verre a l'acide fluorhydrique (HF) liquide. Le premiere stratégie a été
testé avec succes jusqu’a la libération totale du microscanneur qui nécessite 'utilisation
de HF, sous forme vapeur, ce qui dégrade la qualité optique du support en verre. La
méthode de libération du microscanneur nécessite donc de nouveaux tests et des solu-
tions sont proposées. Le test de la seconde stratégie n’a pas été concluant car la couche
d’or n’est pas suffisamment conforme pour protéger le BOX pendant la gravure au HF
liquide. Enfin, la troisiéme stratégie a pour but de créer des suspensions en silicium
permettant de soutenir les micromiroirs. Cette statégie a été intégralement testée avec
succes et le procédé de fabrication entierement stabilisé puisque plusieurs wafers ont été

réalisés. Le résultat des stratégies 1 et 3 est illustré sur la Fig. 3.

Figure 3: Microscanneur vertical fabriquée: (a) design basé sur du verre, (b) design basé
sur des suspensions en silicium.

Les microsystéemes fabriqués sont caractérisés en termes d’actionnement et de détection
de position (Fig. 4 et Fig 5, respectively). Les résultats de caractérisation sont cohérents
avec ceux des simulations et les fonctions d’actionneurs et de capteurs sont validées.
En particulier, la fréquence de résonance est mesurée a 543 Hz et les amplitudes de
déplacement sont suffisantes par rapport aux amplitudes requises. Enfin, la mesure de

sensibilité du capteur d’environ 27 fF/um est également conforme aux simulations.
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Figure 4: Résultats de caractérisation: (a) réponse spectrale de l'actionneur, (b)

déplacement dynamique de la plateforme en quatre points correspondant aux centres de

quatre miroirs formant un quart de la plateforme, (c) déplacement statique en fonction
de la tension appliqué.
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Figure 5: Mesure de la capacité différentielle du capteur en fonction du déplacement
vertical statique de la plateforme.

La derniére partie de cette thése montre I'intégration du microscanneur vertical avec un

doublé de microlentilles et une lame séparatrice grace a des soudures anodiques réalisées
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a l'échelle du wafer. Une fois tous les wafers assemblés, d'une épaisseur d’environ
5 mm, il est nécessaire de découper I'ensemble pour obtenir les micro-interférometres
de Mirau individuels. Cependant, les structures a découper ne sont pas complétement
hermétiques a cause de tranchées d’isolation nécessaires pour isoler électriquement les
actionneurs et les capteurs entre eux. Ainsi, la méthode de découpe a la scie, qui est
classiquement utilisée, n’est pas adaptée puisqu’elle nécessite 1'utilisation d’un liquide
de refroidissement qui pénétre alors dans la cavité du micro-interférometre de Mirau.
Ainsi, la méthode de découpe par laser a été utilisé. Suite a cette découpe, les contacts
électriques sont trés endommagés car salis par la poussiére générée par la découpe. Un
nettoyage humide est donc nécessaire. Or, pour les mémes raisons que celles évoquées
ci-avant, l'utilisation de liquide n’est pas possible. Pour y remédier, les tranchées sont
alors manuellement remplies unes a unes avec de la colle. Cette méthode est concluante
mais reste longue et peu pratique. Ces procédures ont été réalisées par un des parte-
naires du projet, I'Institut Fraunhofer (ENAS) a Chemnitz. Figure 6 est une image d'un
interférometre de Mirau obtenu et connecté a un circuit imprimé (PCB) par la technique
de flip-chip. Le circuit imprimé permet alors de connecter le microscanneur a une source

en tension.

Figure 6: Micro-interférometre de Mirau.

Une deuxiéme série de mesures de caractérisation permet d’étudier I'impact de la
série de soudure, et de la découpe, sur le microscanneur vertical. Le comportement
mécanique du microscanneur ne semble pas impactée par le packaging. En revanche, la
qualité optique des micromiroirs est dégradé. Les constatations de dégradation sur les
micromiroirs ne sont pas reproductibles et ne permettent pas de comprendre les causes

de la dégradation. De nouveaux tests sont donc nécessaires.

Ce manuscrit présente des technologies intéressantes pour le développement d’un mi-

croscanneur vertical, muni d’un capteur de position, pour l'interférométrie a décalage de
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phase. Des perspectives d’amélioration sont données tout au long de la these, comme,
par example, un nouveau flow-chart dont le risque total est diminué. Une problématique
essentielle est également la protection du microcomposant en verre jusqu’a la libération
de la structure. De nouvelle solutions sont proposées mais doivent étre testées. Une
autre piste d’amélioration est le développement d’un circuit de lecture des capacités pour
mesurer en temps réel les capacités différentielles des capteurs et ainsi connaitre la posi-
tion de la plateforme a tout moment. Enfin, une étude systématique de la dégradation de
micromiroirs a chaque étape de l'intégration verticale est nécessaire pour comprendre le

phénomene.

Les résultats présentés dans cette these ouvrent de nouvelles perspectives pour les com-
posants micro-optiques et électro-mécaniques (MOEMS) a haut degré d’intégration. En
particulier, la technologie d’intégration du support en verre peut étre facilement adaptée
pour l'intégration d’autres microcomposants en verre tels que des lentilles en verre ou des
réseaux de diffraction. Ce type de composants MOEMS peut alors étre utilisé pour des
instruments optiques miniaturisés, par exemple un microscope confocale, afin de réaliser

un balayage axial ou latéral si des peignes interdigités latéraux sont intégrés.

Le projet européen VIAMOS a permis le développement de nouvelles technologies pour
les microsystemes OCT. Le micro-interférométre de Mirau est maintenant testé en termes
de fonction interférométrique et de modulation de phase. Le systeme OCT complet est

en cours d’assemblage et va étre testé cliniquement a I’hopital de Besancon.
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GENERAL INTRODUCTION

Skin cancer is the most commonly diagnosed type of cancer. Its early diagnosis is critical
as it guarantees a more effective treatment. However, the diagnostic tools are limited
and the visual examination of the skin followed by a traditional biopsy is still today the
reference technique. Nevertheless, biopsy suffers from several drawbacks, such as a long
diagnosis time and invasiveness, which is not only affecting the patient but also prevents
the follow-up of the diseases. Consequently, non-invasive imaging methods have been
developed, including ultrasounds, tomography techniques or confocal imaging. How-
ever, the imaging performances of these techniques are limited either by not sufficient

resolutions to resolve the morphology of individual cells or by small penetration depths.

Optical Coherence Tomography (OCT) is a recent non-invasive imaging technique
based on low coherence interferometry. The resolution can reach 3 ym and the skin
penetration depth may reach 1 mm which is enough to image until the dermo-epidermal
junction where most developed cutaneous lesions take place. Existing OCT systems
allow a fast and non-invasive 3-D reconstruction of tissue morphology. In particular,
Fourier domain OCT (FD-OCT) has been recently studied to provide faster and more
sensitive imaging. Moreover, the implementation of the phase shifting interferometry
(PSI) technique with ”active” micro-interferometer allows to further improve the sensi-
tivity and to remove some drawbacks of the FD-OCT technique, such as the presence
of artefacts in tomography images. Nevertheless, the commercial systems are bulky,
expensive, and hence not sufficiently employed by physicians and dermatologists. The
ability to reduce the size of OCT systems, providing a hand-held, low cost and fast OCT
devices, is a technological challenge. The miniaturisation of such device is the main

motivation for this thesis work.

During my thesis, I have been working in the framework of a European project, called
VIAMOS (Vertically Integrated Array-type Mirau-based Oct System), which aims at de-
veloping a full-field array-type miniaturised swept-source OCT system. To meet this ob-
jective, seven European partners have been working in collaboration during three years

to bring together their expertise in different fields (MOEMS, micro-assembly techniques
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optical design, camera fabrication, industrial production,...). The targeted system is a
swept-source OCT system which is a type of FD-OCT. It is designed as a full-field array-
type optical system in order to spatially multiplex the acquisition, to obtain a fast system
while imaging a large field-of-view. The latter is important for the targeted application
which implies skin lesions as large as few mm?. In this thesis, the miniaturisation of the
micro-interferometer and in particular the reference micromirror scanner, used for the

implementation of PSI, will be developed.

The vertical microscanner, used as a phase-shifter, is a micro-opto-electromechanical sys-
tem (MOEMS) which involves an actuation and a position sensing system to move an
array of reference micromirrors. PSI techniques are particularly efficient to remove dis-
turbing interferometric terms specific to Fourier Domain OCT, such as the mirror term,
the DC term and the auto-correlation term. Then, this technique leads to an increase of the
signal dynamic. The microscanner is a part of a Mirau micro-interferometer which is inte-
grated vertically, at wafer-level, with microfabricated glass lenses, a spacer and a planar
beam splitter. The objectives of this thesis is to design, simulate and fabricate a MOEMS
device adapted to the vertical architecture of the Mirau microinterferometer, taking into
account the optical design but also the assembly processes used for the integration of Mi-
rau microinterferometer. In particular, the design of the vertical microscanner must take
into account the optical specifications and the technological limitations. Based on these
considerations, two microscanner designs are considered. Their main difference is the
way the array of micromirrors is held to let an optical aperture around them. This last
point is specific to the Mirau configuration and is critical in this thesis. Finally, electro-

static vertical comb finger are used for both the actuation and the sensing function.

This manuscript is structured in five chapters.

Chapter 1 introduces the framework of this thesis, presenting the motivations to
develop such a system as well as introducing the optical coherence tomography tech-
niques and examples of miniaturized systems in the literature. Firstly, the current status
of skin cancer and the lack of adapted imaging systems are exposed to show the need
for the development of a miniature OCT system to lower its cost and encourage its
spreading for the dermatological applications. Then, the theory of the different versions
of the OCT technique (time domain and fourier domain OCT) is presented. Finally,
examples of miniaturized systems are described and a new solution of miniaturisation

for micro-interferometers is shown.

Chapter 2 aims to present the basic principles and the state of the art of vertical

microscanners. Piezoelectric, thermal, magnetic and electrostatic actuation principles are
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detailed and examples from the literature are given to illustrate the theory. According
to this analysis, electrostatic actuation is chosen for both the actuation and the sensing
technologies. Then, this actuation principle is considered in details and the different

possible designs are analysed in terms of limitations and technological realization.

Then, Chapter 3 focusses on the design and the simulations of the vertical microscanner.
Two designs are presented, one based on the integration of glass support to held the
micromirrors and another based on silicon suspensions for the same purpose. The two
designs are simulated in terms of mechanical behaviour and the electrostatic actuation
capability is also investigated. Finally, an optical simulation is performed to study the

impact of the suspensions around the micromirrors on the optical quality of the system.

In the fourth chapter, the fabrication of the two designs presented in Ch. 3 is de-
tailed. The elaboration of the flow charts is underlined by analysing the risk factor
corresponding to each flow chart. The fabrication results are then presented for three
different technologies. The results show the successful realisation of the suspension
based design whereas further tests concerning the releasing step are necessary for the

glass support design.

Finally, the vertical microscanner chips are characterized in terms of optical quality
of the micromirrors, the dynamic and static actuation and the position sensing (Chapter
5). The integration of the vertical microscanner within the micro-interferometer is also

discussed and a second characterization run is realized.
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FRAMEWORK : MINIATURISATION OF
MIRAU INTERFEROMETER FOR
OPTICAL COHERENCE TOMOGRAPHY
SYSTEM

This chapter describes the framework and the needs that justified this work. The tar-
geted application of the developed device, a high resolution imaging system, is the diag-
nostic of skin pathologies, in particular, skin cancer. The system design has been strictly
constrained by this application. Therefore, the multi-disciplinary interactions between
dermatologists and researchers have been the key for the development of a device that
meets the specific requirements of skin imaging. To better understand the motivations,
the needs of dermatologists in skin imaging are described below. In particular, the po-
tential of OCT systems is shown and compared to other existing imaging technologies.
Moreover, the challenges faced for the miniaturization of OCT systems are presented.
This description also contributes to define strategies and solutions for the fabrication of a

miniature and low cost system using micromachining technologies.

1.1/ MOTIVATIONS : SKIN IMAGING

1.1.1/ SKIN CANCERS
1.1.1.1/ DEFINITIONS

Skin cancer is defined by the Skin Cancer Foundation as “uncontrolled growth of abnormal
skin cells. It occurs when unrepaired DNA damage to skin cells (most often caused by ultraviolet

radiation from sunshine or tanning beds) triggers mutations, or genetic defects, that lead the skin
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cells to multiply rapidly and form malignant tumors.”

There are two main types of skin cancers: non-melanoma (NMSC) and melanoma (MSC)
skin cancers.

NMSC are characterized by a slow superficial evolution in the epidermis. They can
be classified in two main types: basal cell carcinoma (BCC), concerning cells at the
bottom of the epidermis, and squamous cell carcinoma (SCC) concerning cells at the
top of the epidermis. Both forms are highly treatable and survival rates are relatively
high. However, because it often occurs in areas easily exposed to the sunlight, i.e.
around the neck and the face, it can be disfiguring. Moreover, dermatologists usually
prefer to remove a large area around the tumor, whose borders are difficult to localize
without appropriate imaging tools. Still, an efficient treatment is possible when an early
diagnosis is performed. The risk of developing NMSC increases at lower latitude and
with age, and is predominantly linked to a cumulative proportion of sun exposure and
to the skin phototype. Basal cell carcinoma represents 70% of the skin cancer. It expands
superficially (depth < 500 um) and rarely metastasises unlike SCC. Consequently, it
is usually not life-threatening whereas SCC can lead to death. The ability to diagnose
NMSC during its early stages is essential to limit the affected area and then avoid large
scares.

Melanoma skin cancers (MSC) are characterized by a transformation of the melanocytes,
the cells that are responsible for the skin pigment, and can spread to other organs of the
human body. Malignant melanoma is the most serious type of cancer (responsible for
75% of death related to skin cancer) but it is also the less common. MSC is characterized
by a prolonged horizontal growth phase, during which the tumor grows within the
epidermis but does not spread to the underlying dermis. During the second phase, the
tumor expands vertically reaching the dermis and eventually can metastasise. Therefore,
it is critical to detect MSC before the vertical growth phase. Although a majority of
cutaneous melanomas can be recognized with naked eyes, some lesions that were pre-
viously regarded as benign might, thanks to a more careful inspection, be reconsidered
as melanomas. Physicians specialized in the evaluation of pigmented lesions have a
sensitivity for diagnosing of approximately 80 % and a diagnosis accuracy of 65% [1]. In
addition, when it is based on ABCDE criteria !, lesions that physicians choose to survey
are often the visually worse-looking (at skin surface). However, the surface of the lesion
is only the top of an iceberg whose bottom is hidden under the skin surface. A screening
technique, resolved in depth, would allow a follow-up of a larger number of lesions,
including better-looking ones that nevertheless might prove to be more dangerous when

depth imaging is performed.

LABCDE criteria stands for Asymmetry, Border, Colour, Diameter, Evolving which are the main charac-
teristics that enable the differentiation between benign and malignant cutaneous lesions.
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1.1.1.2/ FACTS AND FIGURES

According to the World Health Organisation (WHO), one in every three cancers di-
agnosed is a skin cancer which makes it the most common of all cancers. Between
2 and 3 million non-melanoma and 132,000 melanoma skin cancers occur each year.
A project, named Globocan, supported by the International Agency for Research on
Cancer, estimates the “incidence of, mortality and prevalence from major types of cancer,
at national level, for 184 countries of the world” [globocan web site]. The figures of
incidence and mortality due to melanoma in the world shows that the more concerned
countries are mainly developed countries but this must be linked to the reliability of
the data provided by the countries (Fig. 1.1 and Fig. 1.2) [2]. It can also be noticed
that there are many differences between countries depending on latitude and thus sun
exposure and the phototype of patients. According to the Skin cancer foundation, 86
% of melanomas can be attributed to exposure to ultraviolet radiation from the sun.
Screening techniques have lead to an increase in the incidence of melanoma that are
detected earlier. If NMSC is less dangerous, its high incidence is becoming a burden
for the society as explained in [3]. Moreover, a french study reported that, in France in
2011, 10.7% of people, who have been treated for cancers, had a skin cancer [4]. Finally,
in terms of number of hospital stay, NMSC is the secondary cause compared to other

cancer. These figures show that skin cancer is a national and international health matter.

If the first challenge in the treatment of skin cancer is its early diagnostic, surprisingly
the tools developed to help dermatologists in this matter are sparse and still very ex-
pensive. This leads to a situation where most dermatologists only have at their disposal
dermoscopes and visual inspection to decide if the lesion is worth a histological exam-
ination. Histological examination is based on the examination, under microscope, of a
suspected tissue that have been removed from the patient. This process is still, today, the
gold standard. The dermoscope is widely used but its resolution and imaging depth are
limited. Then in case of suspicion, a surgical biopsy is performed. In France, in 2010,
65,200 patients have been treated for carcinoma but 539,000 biopsy have been performed
because of skin cancer suspicion. Then, the percentage of biopsy, that gave positive re-
sults with respect to skin cancer, can be approximated to 12%. These figures show the
strong need for suitable imaging techniques with the potential to help the diagnosis and
reduce the number of unnecessary biopsy. New imaging techniques should be able to
provide images close to histopathological views derived from the skin biopsies. Indeed,

dermatologist are trained to analyse and interpret this specific type of images to make
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their diagnosis. These views are characterized by a vertical cross-section, deep enough

to see the dermal-epidermal junction (500 um-1 mm deep), and a high resolution, that

is limited by the optics (less than 1 um), which makes possible the visualisation of cells.
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Moreover, the area of exploration is usually around 5 to 8 mm enabling the visualisation
of the border of the lesion and limit the surgery to the actual malignant tissues. Current
diagnostic methods are based on the identification of some morphological characteristics
of the pigmented skin lesions including the overall architecture of the epidermis and the
density of atypical cells like mitosis (Fig. 1.3). Also the structural parameters of lesions,
such as the epidermal thickness and the depth of dilated blood vessels, can be seen and
used to distinguish cancerous skin from normal skin. For non-melanoma diagnosis, the
loss of collagen structure and integrity is also characteristic and can be optically detected
using its birefringence character. Obviously, the main drawback of the histopathology
method is the necessity of a surgery to remove the lesions which consequences are poten-

tial bad scares and the impossibility to follow-up the lesions.

(a) (b)

Parakératose

Stratum corneum

Stratum granulosum
Stratum spinosum

Dermoepidermal

Figure 1.3: Histological images : (a) normal skin, (b) abnormal skin. Source: CHRU
Besancon.

1.1.2/ IMAGING TECHNIQUES OVERVIEW
1.1.2.1/ DERMOSCOPY

The examination of skin lesions is usually performed using a dermoscope, also known as
dermatoscope and epiluminescent microscope. This instrument magnifies the inspected
area in order to help the inspection of a skin lesion. It also allows the visualization of the
subsurface of the skin that is not visible with naked eyes. Usually, a liquid is dispensed
between the instrument and the skin in order to avoid surface reflections. The optical de-
sign of a dermoscope is presented in Fig. 1.4 [5]. The main drawback of this instrument
is that all the contributions from the different structures present in the skin are superim-
posed in a 2D image [6]. In this condition, the identification of the different structures
is difficult. To overcome this issue, polarization multi-spectral dermatoscope have been
developed [7]. The use of different wavelengths leads to different images specific to dif-
ferent components (melanin, hemoglobin,..). The polarized light enables to preferentially

detect light coming from below the surface.
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Figure 1.4: Dermoscopy : (a) schematic of the general principle, (b) comparaison of an
image with a dermoscope and with naked eyes (inset) [6].

1.1.2.2/ HIGH FREQUENCY ULTRA-SOUND

High frequency ultra-sound (HFUS, 20MHz-100MHz) is used in dermatology for in-vivo
measurement and imaging of skin layers. Ultrasound technique is mainly known for
its ability to image foetuses. It is based on a sound wave, emitted by a transducer, that
is reflected at tissues boundaries generating echoes. The echoes are detected back by
the transducer and the time of flight allows to determine the positions of the different
boundaries. The resolution obtained by this imaging technique is linked to the frequency
of the emitted wave. For imaging a foetus, frequencies around 5 MHz are used, which
corresponds to a resolution around 0.5 mm. At 100 MHz, the resolutions are limited to
30 ym and 11 um for lateral and axial direction respectively. The main advantage of this
technique is the possibility to image very thick structure, up to 8 mm (Fig. 1.5). The main
drawback is its limit in resolution that remains lower than the cell resolution. Finally, the

visualization of some tissues that are “echo-poor”, like with BCC, is an issue [8].

(a)

Hypodermis

Fascia

Figure 1.5: HFUS images : (a) normal skin, (b) abnormal skin. Scales are in mm [9].
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1.1.2.3/ CONFOCAL MICROSCOPY

If confocal microscopy has been developed and patented in 1995 by M.Minsky;, it is only
recently that it has been employed in dermatology as only 6 hospitals, in France, in 2012,
were equipped with such an instrument. Confocal microscopy enables in-vivo examina-
tion of biological tissues and its principle is illustrated in Fig. 1.6. The pin-hole in front of
the detector plays the role of a spatial filter which enhances the resolution of the optical
system. Confocal microscopy provides 2D horizontal images of the skin by scanning the
focal point in the X-Y plane (Fig. 1.7) but 3D images can be reconstructed. 1 ym and 3-5
um of lateral and axial resolutions, respectively, are reached with a confocal configura-
tion. This leads to a cellular examination [8]. Nevertheless, the maximum penetration
depth, limited by the optical penetration and the signal-to-noise ratio, is typically around
200 um. This depth corresponds to the epidermis and sometimes the upper layer of the
dermis, but is usually not sufficient. The latter is the main limit of this imaging technique

together with a relatively high cost compared to standard microscopy and dermoscopy.

Photo detector

~ Spatial filter
with pinhole

Dichroic
mirror

Figure 1.6: Schematic of the general principle of confocal microscopy [10].

1.1.2.4/ OPTICAL COHERENCE TOMOGRAPHY

In 1991, at the Massachussets Institute of Technology (MIT), J. Fujimoto demonstrated
the Optical Coherence Tomography (OCT) technique [11]. This technique enables the
in-vivo visualization of biological tissues using low coherence interferometry. It is often
described as the optical counterpart of ultrasound technique as it is based on the detec-
tion of reflected light in function of the depth penetration. However, time delay of the

back-reflected light cannot be measured because of the high speed of the light. The max-
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Figure 1.7: Image of a benign naevus: (a) naked eyes, (b) reflectance confocal microscope
image [10].

imum penetration depth is limited to few millimetres and the axial and lateral resolution
can reach 3-5 yum (cell resolution). Moreover, the cross-sectional views obtained with this
technique correspond with the ones obtained from histological analysis, which is com-

fortable for doctors. These characteristics makes it a great candidate for tissue imaging.

Fig.1.8 summarizes the abilities of the techniques detailed above in terms of resolution
and penetration depth. The OCT appears as a compromise between HFUS and confocal
microscopy, providing high resolution imaging without limiting too much the penetra-
tion depth so that important features of the skin can be investigated. Ultrasounds and
confocal microscopy are less adapted to morphological tissue imaging: the first provides
a poor resolution and the second one does not enable millimetre penetration depth. For
these reasons, OCT has been successfully introduced as an imaging system for various

medical applications (ophthalmology, cardiology,...).

Resolution (log)
T Ultrasound
10 pm High-frequency ultrasound
1pm Optical conherence tomography
Confocal microscopy Penetration depth (log)
' ' >

1 mm 10 cm

Figure 1.8: Comparison of the performances of skin imaging techniques [8].
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1.2/ OPTICAL COHERENCE TOMOGRAPHY TECHNIQUES

OCT can reconstruct a depth-profile of a sample media from which 3D images can be
created by scanning the light beam axially and laterally across the sample surface. Start-
ing from the white-light interferometry for in-vivo imaging of the human eye, OCT was
investigated by a wide number of groups worldwide. First in-vivo OCT images — dis-
playing retinal structures — were published by Fujimoto group in 1991 [11]. In this first
publication, the OCT scanner is defined as “an extension of previous low-coherence reflec-
tometer systems.(...) The heart of the system is the fibre optic Michelson interferometer, which is
illuminated by low-coherence light (830 nm wavelength) from a superluminescent diode (SLD).
The tissue is placed in one interferometer arm, and sample reflections are combined with the re-
flection from the reference mirror. The amplitudes and delays of tissue reflections are measured by
scanning the reference mirror position and simultaneously recording the amplitude of the inter-
ferometric signal.”. This definition corresponds to a type of OCT called time domain OCT
(TD-OCT). More recent implementations of OCT, namely the frequency domain OCT
(FD-OCT), provide advantages in sensitivity, and allow faster signal acquisition. The
technique has already become established as a standard imaging modality for biological
tissue imaging, with numerous commercial instruments on the market. In OCT systems,
the lateral resolution is determined by the size of the focal point of light source, whereas
the axial resolution depends primarily on the optical bandwidth of the laser source. Thus,
OCT systems may combine high axial resolutions with large depths of field. A A-scan cor-
responds to one axial scan in the z-direction, i.e. in depth, whereas a B-scan correspond
to a cross-sectional image in depth in the x-z plane. Today, there are two major categories
of OCT instrumentation: time domain OCT and frequency domain OCT, which can be
divided in spectral domain OCT (SD-OCT) and swept-source OCT (SS-OCT). The for-
malism presented below is based on the book “Optical Coherence Tomography” edited
by W. Drexler and J. Fujimoto [12].

1.2.1/ PRINCIPLES OF OPTICAL COHERENCE TOMOGRAPHY
1.2.1.1/ LOW COHERENCE INTERFEROMETRY

The principle of OCT technique is based on low-coherence interferometry (LCI). An inter-
ferometer is a setup which enables the superposition of two electromagnetic waves that
can then interfere. Fig. 1.9 illustrates the general principle of a Michelson interferometer.
The light is emitted by a source and then splitted in two different arms of the interfer-
ometer thanks to a beam splitter. In one arm the light is reflected by a mirror, called the

reference mirror, and in the second arm the light is reflected by the sample under test.
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The two reflected beams go back to the beam splitter where they are finally superposed.
The result of the interference between the two waves depends on their optical path dif-
ference (OPD). Two limit cases occur. When there is no optical path difference (OPD=0),
constructive interferences are observed, i.e. an intensity peak is measured by the detector
(white fringes). The second case corresponds to an optical path difference different from
0 leading to destructive interference, i.e. no intensity is measured by the detector (black

fringes).

Sample N
T l \/z n=1
BS
—> — >
Source Reference mirror
<
i(kz—wt
E; = s(k, w)e'®D l i -
E; A
E, = —=rge'?kr
V2
Detector

Figure 1.9: Schematic of the Michelson interferometer architecture. BS: Beam splitter of
ratio 0.5.

Low-coherence interferences refer to interferences obtained with a low-coherence light

source, typically a SLD, which emits a broadband spectrum:

E; = s(k, w)e!*>=wh) (1.1)

with s(k, w) the electric field amplitude of the source depending on the wavenumber k
and the angular frequency w. The sample is supposed to be a superposition of different
layers of electric field reflectivity rg,. When low-coherence light is used, the interferences
are only observed when the optical path difference between the reference arm and the

sample arm, noted (, is inferior to the coherence length of the light source, noted ..

The autocorrelation function of the source, described as the temporal coherence function,

represents the degree of correlation of the light :
I(¢) = (B (2)Ei(z +0)) (1.2)

where E is the electric field emitted by the source.
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This is usually normalized as:

B F(C) B <E7(Z)Ei(z+§)>
7(0) = T0) (E(2)E(2)

(1.3)

The normalized temporal coherence function is used to define the coherence length [,
which corresponds to the distance within which the source is said to be coherent. More-
over, the Wiener-Khinchin theorem states that the power spectral density of the source is

equal to the Fourier transform of the auto-correlation function :
S(k) = [ _T@)e Mg (14)

Assuming that the light source has a Gaussian shape, the power spectral density can be

written as :

(k—ko 12

S(k) = e [“&" (1.5)

The coherence length is defined by the full width at half maximum (FWHM) of the auto-

correlation function. The autocorrelation is calculated as:

Ak

= ﬁe*(%kg)z (see Annexe A.1) (1.6)

where §~! is the inverse Fourier transform and Ak is the half width of the gaussian at

e~ 1. Therefore, the coherence length is equal to:

l.=2 ln(2)£ (see Annexe A.2)

_ 44/In(2)
Ak

4in(2) A3
= -9 1.7
T A (1.7)
where Ak = —Z—22 with AA the FWHM of the power spectral density (see Annexe

n(2) \3
A.3). This assumption is true if the bandwidth of the source is reasonably small.

When < I, the signals are strongly correlated whereas when { > I, the signals are

weakly correlated. The two waves interfere if their spatial delay ¢, i.e. the optical path
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length difference, is smaller than the coherence length.

In practice, the interference intensity, resulting from the interferometer, is recorded. The
total instantaneous field E formed by the superposition of the two fields, i.e. the field
coming from the reference arm E, and the field coming from the sample arm E;, can be

described as follows:

E(k> = Er(k> + Es (k) (1.8)

The interference intensity is then:

I(k,w) = (|E(k)[?)

N
= <’S(k'w)r gl(Zhzr—wt) S(k/(z))) Y rg, el hzsn—wt) 2y (1.9)
n=1

Vo VI

Using the Euler’s relation ¢ = cos(9) + isin(), and taking into account that the light
angular frequency w is too high to be sensed by a photodetector, the real interferometric
intensity signal is retrieved :

S(k

I(k) = Z)(R, +Rs, + Rs, + ...+ Rg,)

+5(k) 3 /RRrRs,cos(2k(zg — zs,))
—1

+ S(zk) i V/Rs,Rs, cos(2k(zg, —zs,,)) (1.10)
n#m=1
where Rg and Rg, are the power reflectivity of the reference and of the different layers in
the sample, respectively. This equation is composed of a DC term, a cross-correlation term
corresponding to the interference between the two arms and an auto-correlation term
corresponding to the correlation between the fields reflected by the different layers of the
sample. Moreover, it can be seen that the interferences depend both on the wavenum-
ber k and the position of the reference mirror zg. When the intensity are recorded as a
function of the position of the mirror, we speak about time domain OCT, whereas if the
interference are recorded as a function of the wavenumber, we speak about frequency
domain OCT.
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1.2.1.2/ TIME DOMAIN OPTICAL COHERENCE TOMOGRAPHY

Figure 1.10 shows a scheme of the basic time domain OCT (TD-OCT) architecture. It
is based on a Michelson interferometer composed of a reference arm and its reference
mirror and of a sample arm in which light is focused into the sample. The interference
signal between the reflected reference wave and the backscattered sample wave is then
recorded. The mirror is axially scanned and an intensity peak is only detected when the
light from the reference and sample arms have travelled the same optical path difference
and when the optical path lengths differ by less than the coherence length of the light
source. The interference pattern is recorded as a function of time, i.e. for each position of
the reference mirror (z,). By this method, it is possible to reconstruct the tomography of
biological tissues. The axial resolution corresponds to the coherent length and the lateral
resolution depends on the objective used to illuminate the sample, i.e. the focal spot

diameter.

By scanning the mirror longitudinally and laterally, a 2D cross-section can be recovered.

However, the acquisition speed is limited by the mirror scanning time.

The intensity measured by the detector is calculated by integrating Eq. 1.10 over k. It

results in :
So
1(Q) = ?(Rr + Rg1 + Rgp + ... + Rgy)
N
+50 Y V/RrRsue 4% cos(2koQ) (1.11)
n=1

The auto-correlation term equals zero because zg,, — zs,, > I, then, temporally, the beams

reflected by the different layers do not interfere.
(a) (b)
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Figure 1.10: TD-OCT: (a) schematic of the general principle, (b) temporal interferogram.
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1.2.1.3/ FREQUENCY DOMAIN OPTICAL COHERENCE TOMOGRAPHY

Figure 1.11 (a) shows the basic frequency domain optical coherence tomography (FD-
OCT) set-up where most of the components are identical to the set-up of the TD-OCT.
The key difference is that for FD-OCT systems the reference arm length is fixed, i.e. the
reference mirror does not move. Instead of obtaining the depth information of the sample
by scanning the reference arm length, the output light of the interferometer is processed
by a spectrometer, i.e. a diffraction grating combined with a line camera (Fig. 1.11 (a)).
This type of FD-OCT is called spectral domain OCT (SD-OCT). The numerical Fourier
transform (FT) of this spectrum contains the axial A-scan over a scan range which is pro-
portional to the coherence length of the source. The signal, as a function of z, is retrieved

by doing the Fourier transform of I(k) and it can be shown that:

I(z) = 3[T()(Ry + Rs1 + Rsa + . + Rsy)]
n %[F(z) ® ﬁ‘, VRrRsn (8(z +2(z — 25,)))]
n=1
P @ ) VR Ren(8(z £ 20200 — 260) (112)
n=1

where I is the auto-correlation function, ¢ is the Dirac function and & is the convolution
operator. (zg — zg, ) and (zs, — zs;;) are optical path differences depending on 7,4y, the
refractive index of the medium in the reference arm (usually air) and in the sample. In
each term, there is a mirror term coming for the Fourier transform, resulting from the +

sign. These are artefacts specific to the Fourier transform.

The typical signal obtained in frequency domain OCT (FD-OCT) is presented in Fig. 1.11
(b).
Compared to TD-OCT, the SD-OCT configuration improves imaging speed, while the

Fourier transform operation, associated to the acquisition of the signal, improves the sig-
nal to noise ratio (SNR) which is inversely proportional to the number of detector pixels.
However, the dynamic range is reduced with respect to TD-OCT because of the lower
dynamic range of the spectrometer with respect to single photosensitive diodes. Indeed,
the line cameras usually have a reduced dynamic range compared to single photodiodes

to make the transfer of data faster.

A variant of OCT, called swept-source OCT (SS-OCT), tries to combine some of the ad-
vantages of standard TD and SD-OCT. Here, the spectral components are not encoded
by their spatial separation but the wavelength scanning is obtained via a frequency-
scanned light source or by using a wavelength-tunable Fabry-Perot cavity. The goal is

to sweep rapidly through a range of wavelengths, allowing the spectral interferogram to
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Figure 1.11: SD-OCT: (a) schematic of the general principle, (b) spectral interferogram.

be recorded sequentially. Here, the advantage lies in the proven higher SNR detection
of SS-OCT compared to TD-OCT, together with the advantage of using a point detector
providing a higher dynamic range compared to FD-OCT. Moreover, a line camera, which
has a limiting frame rate, is no more necessary. Indeed, in this configuration, the time
to record the spectral interferogram is mostly linked to the sweeping speed of the source
since the detector can be a photodiode. Then SS-OCT is usually faster than other OCT.
Finally, tremendous developments have recently been achieved in swept laser sources
providing fast light source. Table 1.1 summarizes what component of the OCT systems

typically limits their speed and their corresponding A-scan rates.

Table 1.1: Comparison of typical limiting frequencies in the different type of OCT systems
and their corresponding A-scan rates.

OCT system type Limiting components Typical A-scan rate
TD-OCT Vertically scanning mirror frequency Few kHz
SD-OCT Line camera frequency 46 kHz [13]
SS-OCT Swept-source frequency 350 kHz [14]

FF SS-OCT Swept-source fr;?;lgzlcy x Number of 1.5 MHz [15]
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1.2.1.4/ FULL-FIELD OPTICAL COHERENCE TOMOGRAPHY

The techniques presented above are based on point-by-point imaging. Hence, a linear
scan yields to a 2D data set corresponding to a cross-sectional image (X-Z planes, B
scan), and finally 3D images are obtained by 2D scanning (X-Y-Z volumic scan). In 2002,
A. Dubois proposed a full-field time domain OCT, based on a spatially incoherent light
source [16] and leading to a 3D image. The sample is full-field illuminated and imaged
with a CCD? camera, so that 2D ”en face” images are recorded without requiring a
lateral scan anymore. In such a case, Nyquist criteria must be respected, i.e. the lateral
resolution in the object plane, must be imaged with at least two pixels in the image
space. Then, the magnification of the optical system, in the imaging arm, must be chosen
accordingly. In miniaturised systems, the optical design is constrained by the small size
and then by relatively short focal lengths. A trade-off between pixel size, resolution and

magnification must be found.

1.2.1.5/ RESOLUTION AND SENSITIVITY IN FREQUENCY DOMAIN OPTICAL COHER-
ENCE TOMOGRAPHY

Resolution OCT systems are characterized by their resolution capabilities, their imag-

ing depth and their acquisition speed.

On the first hand, the smaller axial distance between two layers that can be resolved, i.e.
the axial resolution, depends on the coherence length. It is equal to /; and the physical
distance noted 0z is I./2:

I 2In(2) A§

02=75 T AA

where Ay is the central wavelength and AA is the FWHM of the power spectral density.

(1.13)

However, the geometrical optics can also be taken into account in the axial resolution of
the system and a more general expression is obtained [17]:
NA* 2

“1-1
T lc] (1.14)

0z =]

This expression is particularly used for the case of full-field OCT, in which en-face (x-y
plane) images are targeted and for which higher numerical aperture objectives can be
used. However, in practice, low numerical aperture objectives are used. In this case, the
axial resolution only depends on the coherence length (Eq. 1.13) and the contribution

from the optics can be neglected.

2Charge—Coupled Device
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The lateral resolution is defined based on the Rayleigh criteria®:
ox = 1.22)&i (1.15)
D

where f and D are the focal length and the diameter lens of the objective lens and the
factor 71.22” corresponds of the first zero of the Bessel function which describes the Airy

spot.

The axial field of view, linked to the coherence length of the swept-source, corresponds
to the FWHM of the coherence function of the tuned light source. The same calculation,
as shown in 1.7, is done and the axial field of view is obtained

4n(2) A3

FOVaxial—conerent = lc = Tﬁ (1.16)

where JA is the source linewidth.

However, the axial field of view can also be limited by the geometrical optics. In optical

microscopy, in the paraxial approximation, the axial field of view is defined as [18]:

A
FOVaxiulfgeometric = 177@ (1.17)

Figure 1.12 represents the light beam shape and the corresponding axial field of view.

Sensitivity In OCT systems, the sensitivity is defined as the minimal sample arm re-
flectivity for which the signal to noise ratio equals 1. The typical noises to be taken into
account when dealing with optical detection are the shot noise, the excess noise and the
receiver noise. The shot noise is linked to the particle nature of light. The detector counts
a number of photons that follows a Poisson distribution. This fluctuation generates the
shot noise. The excess noise is the noise linked to the amplification of the signal. Finally,
the receiver noise is the sum of the dark noise of the detector and the read noise. The
read noise consists of thermal noise called Johnson noise and the electronic noise (mainly
coming from the Analog to Digital Converter). The sensitivity will not be calculated here,
however [19] gives a full explanation of the noise sources and compare the performances
of FD and TD-OCT. It is shown that FD-OCT benefit from a much higher sensitivity, even
when it comes to low power levels and high speed detection. Moreover, Choma et al.
showed that the benefit in terms of sensitivity of SS-OCT and FD-OCT over TD-OCT is
typically of 20-30 dB [20].

3Rayleigh criteria : Two infinitely small points in the object plane can be resolved in the image plane if
the maximum of the Airy disk of one point coincides with the minimum of the Airy disk of the other point.
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FOVaxial-geometric 1c=FOVaxial-coherence

Figure 1.12: Axial field of view axial based on the coherence of the wavelength tunable
light source and on the optics.

The sensitivity of the system can be enhanced if the parasitic terms, i.e. the mirror term
(complex conjugate term) and the DC term are suppressed. Indeed, the spatial inter-
ferogram retrieved in FD-OCT is symmetrical with respect to the zero path difference
position. Then, there is an ambiguity between the real sample location signal and its
complex conjugate. To avoid this problem, the zero-path difference location is usually
chosen to be out of the sample so that the signals coming from the sample layers have al-
ways a positive path difference. This solution leads to an imaging depth divided by two
compared to the maximum imaging depth. Moreover, the finite sampling generates a
sensitivity decrease with depth and the depth corresponding to a decrease of 6 dB can be
calculated and equals the coherence length. Therefore, the sensitivity of an OCT system
is better if the sample is placed close to the zero-path difference location, i.e. the DC term.
To remove the parasitic terms (DC, auto-correlation and mirror terms), phase-shifting in-
terferometry techniques can be used. A comparison of different phase shifting technique

is presented in [21].

Phase-shifting To remove the complex-conjugate term, the auto-correlation term and
the DC term, a 4 stepped phase-shifting algorithm can be used. The idea is to create an
additional known phase difference 2¢p between the reference arm and the sample arm.
If the phase difference is chosen properly then the terms cancel. To eliminate the DC

term and the autocorrelation term, two spectral interferograms with a phase difference
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of 7t radians are subtracted. Finally, two spectral interferograms with a phase difference
different from 7t radians are subtracted to remove the complex conjugate. The use of the

four phase-shifted interferogram leads to the following result:
ID(k,ZCP = 0) - ID(k,Z(P = 7'[) —|—j[ID<k,2(l) = 7'[/2) — ID(k,ng = 37'[/2)] =

[S(k) i V' RRrRg, (cos(2k(zr — zs,)) — jsin[2k(zr — zg,)])] (1.18)
n=1

And in the spatial domain, one obtains:
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+7(2(zr — zs,)) — v(—2(zr — 2s,))]

N
= Y VRrRs,7(2(2r — 25,)) (1.19)

The phase difference can be implemented by moving the reference mirror that is usually
not moving in FD-OCT. The 4 stepped phase-shifting algorithm is a standard for the elim-
ination of the artefact terms. However, it requires a precise control over the light phase.
When an actuated micromirror is used, it means that the displacement of the micromir-
ror must be precisely controlled. Moreover, when actuated dynamically, micromirrors
are usually driven by a sinusoidal signal. In this case, the use of the 4 stepped algorithm
limits the use of the actuator movement to its linear part to obtain images with a constant

phase shift of 77/2 evenly spaced in time.

Another solution has been proposed by Sasaki et al. referred to as sinusoidal phase-
modulating interferometry [22, 23]. The algorithm is based on the sinusoidal displace-
ment of the reference mirror, taken into account in the interference term by adding the
term Acos(w,t + 0) to the phase difference k(zg — zs,) and k(zs, — zg,,) in Eq. 1.10. This

gives:

S(k
I(k) = (Z)(Rr + Rs, + Rs, +... + Rsn)
N
+ S(k) V/ RrRg,cos(¢pr_y, + Acos(w,t + 6))
=1

N
+ S(2k) Y V/Rs,Rs,cos(pu_m + Acos(wat +6)) (1.20)
#m=1

n
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where ¢r_, and ¢,,_,, are the phase differences of the correlation and the autocorrelation
terms, respectively, w, is the actuation frequency, and A and 6 are the amplitude and the
initial phase of the sinusoidal vibration, respectively. By applying a Fourier transform
with respect to the time ¢ noted F(I(k, w)), it is possible to isolate some specific values
for w = w, and w = 2w,. Then, a Fourier transform is finally applied to reconstruct the

spatial interferogram which is free of mirror terms (see Annexe A.4).

[(z) =Y /RgRs,T (z— (zr — zn)) (1.21)

n

where T is the auto-correlation function.

The formalism is presented in [23].

1.2.2/ OPTICAL COHERENCE TOMOGRAPHY IN DERMATOLOGY

In their first article, in 1991, ]J. Fujimoto et al. had already demonstrated the potential
of OCT systems for imaging biological tissues with tests on retina and coronary artery.
These two applications have contributed to the success of OCT and are still today the
main domains for which commercial OCT systems are developed. In 1992, only one year
after the demonstration of the OCT technique, the first OCT system for ophthalmology
has been commercialized by Advanced Ophtalmic Devices, now known as Zeiss Meditec.
Indeed, OCT has revolutionized the clinical practice of ophthalmology enabling retinal
imaging. It has provided a quantitative method to help the diagnostic, evaluate surgical
interventions and monitor the effect and the development of a disease with respect to
treatments. Cardiology also benefited from OCT technique. In 2010, LightLab commer-
cialized the first OCT system for cardiovascular imaging after it got clearance from the
Food and Drug Administration. This technique provides coronary imaging and help for
stents appositions and information regarding the stent dissolution with time [24]. The
annual growing rate of the OCT market is 45 % and has reached 400 million of dollars in
2013 with 36 companies [25]. More recently, in 2014, an analysis done by Tematys on the
OCT technology and market has been released and shows the great potential of this high
resolution imaging technique for medical applications. According to this analysis, the
market should grow up to 1 billion euros in 2019 with a need for low-cost and compact
system for dentist and dermatologist offices. Moreover, it has been observed that better
resolution and faster acquisition are of great interest. This should be taken into account

by shifting from time domain OCT to frequency domain OCT.
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1.2.2.1/ COMMERCIAL OPTICAL COHERENCE TOMOGRAPHY SYSTEMS FOR DERMA-
TOLOGY

Although histopathology is still considered as the gold standard for the morphological
evaluation of the skin, non-invasive OCT imaging techniques are becoming a focus of
interest. Compared with histopathology investigation, they exhibit several advantages:
(1) they are non-invasive allowing a view of the unaltered morphology of structures, (2)
they provide a real-time inspection of the skin which results in a faster diagnosis and
(3) they provide the possibility of the lesion follow-up. Consequently, early diagnosis
and follow-up of cutaneous lesions, which are keys for the success of the treatments, is
possible. Moreover, dermatologists lack of data on the diseases evolution as a function of
time and the possibility of follow-up given by the OCT techniques is a real benefit. Two
OCT systems, applied to dermatology, are now commercially available: “VivoSight” from
Michelson Diagnostics and ”Skintell” from Agfa HealthCare, both released in 2011 and
owing a certificate for clinical use. More recently, in 2014, MedLumics released NITID,
a system combining epiluminescence microscopy, i.e. dermoscopy and OCT. They also
expect to release a new device, called BiopsyPen by 2017. However, there is not much
information about these MedLumics” devices. The characteristics of the Skintell and the

Vivosight are summarized in the Tab. 1.2.

Table 1.2: Comparison of the specifications of commercial OCT system and requirements
for the diagnosis of skin cancer [26].

System Michelson diagnostics | AGFA Healthcare | Specification for
skin cancer
Lateral Resolution < 7.5 um 3 um ~5um
Axial Resolution <5um 3 um ~5um
Depth 1.2t0 2.0 mm 1.0 mm 800 um
Image size 6x6 mm 1.8x1.5 mm 6x6 mm
Wavelength 1305 nm 1300 nm
A-scan rate 20 kHz 320 kHz fast
Type SS-OCT TD-OCT
Cost 90 k€ 90 k€ low

Michelson Diagnostics” device is based on multi-beam SS-OCT. Four laser beams are used
to maintain high resolution of the system while increasing the axial field of view. Indeed,
each laser is used to image at different depths of penetration maintaining a good resolu-
tion for each of the four acquisitions. AGFA Healthcare device is a TD-OCT where the

coherence gate and the focal plane are maintained at the same depth [27]. This provides
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a higher lateral resolution thanks to a high numerical aperture optic while scanning in
depth with the reference mirror. There are two main differences between these two sys-
tems: the resolution and the image size. From dermatologists” point of view, it is impor-
tant to have a large field of view in order to visualize the borders of a lesion. An adapted
field of view, in the case of imaging skin lesions, is around 8x8 mm?. Moreover, the ability
to have a high resolution image on a specific location is also interesting. Then, the ideal
OCT would have the image size of the Vivosight and the resolution of the Skintell. The
last column of Tab. 1.2 summarizes the needs expressed by dermatologists. The resolu-
tion is set by the cell size. The image size is chosen in order to be able to visualize the
entire lesions and help the dermatologists during a surgical biopsy if needed. Finally, the
required image depth corresponds to typical depths for early stage tumors, the dermo-
epidermal junction being a key feature. If these specifications meet a specific demand
for the early diagnosis of skin cancer, one can think that it can be used for many other
diseases such as psoriasis and hemangioma or even other applications such as the study
of the impact of cosmetics on the skin [28, 29]. Note that other imaging systems are used
in dermatology such as the Siascope and Melafind, utilizing multispectral imaging meth-
ods and the VivaScope system, utilizing confocal laser scan technology. For this thesis,
we consider only the diagnosis of skin cancer using OCT systems which is described in

the following.

1.2.2.2/ DIAGNOSIS OF SKIN CANCER USING OPTICAL COHERENCE TOMOGRAPHY

The imaging in depth of the skin requires that the light penetrates in the skin. Therefore,
the choice of the light source wavelength is critical to limit absorption and scattering. On
the one hand, absorption is minimised for wavelengths between 700 and 1,300 nm . On
the other hand, in this window, scattering decreases for higher wavelengths. As a result,
1,300 nm is an appropriate wavelength to obtain higher penetration depth. However,
wavelengths around 800 nm lead to better image contrast [30]. In 2006, a study on the
optical properties of normal and cancerous human skin showed the difference in absorp-
tion and/or scattering between healthy and cancerous skin [31]. Wavelengths ranging
from 370 to 1,600 nm were studied. It results that there is a significant decrease in the

scattering of normal and cancerous tissues from 1050 to 1400 nm.

Invasive histopathological evaluation is the gold standard for interpreting and monitor-
ing of morphological progress in skin pathologies. Real-time OCT imaging performs
tomographic skin tissue imaging which is highly sensitive to the local variations of opti-
cal properties. Thus, the multilayer structure of skin depicts different optical properties
according to differences in refractive index, relative thickness, and variation in organic/i-

norganic components (keratin, water, fat, etc ...). Furthermore, due to high resolution and
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efficiency to reflect the compositional aspects of the tissue in terms of optical properties,
these tomographic images can be correlated with the histopathological images. Figure
1.13 shows a typical OCT image of normal skin and Fig. 1.14 shows the correlation of

OCT and histopathological images for normal skin and skin cancer.

B

1 2430003 delta: 1.57e-2 |839.9 ym
i8e4 182399 um

Figure 1.13: OCT image (B-scan) of normal human skin : a) “cap” symbol: entrance echo,
"less than” symbol : epidermis border, “greater than” symbol: collagen bundles, b) A-
scan with two intensity peaks corresponding to junctions.[30].

(a)

100 microns

- 100 microns

Figure 1.14: Correlation of histological (A) and OCT images (B). (a) basal cell carcinoma
with oval tumour nodules, (b) melanocytic naevus with dense naevus cell clusters.[30].

In [32], the specific features of SCC, BCC and melanocytic lesions are described. For

BCC, the tumor aggregates and the epidermis appears similarly on OCT images. More-
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over, large blood vessels are present in upper part of the dermis, above the tumor. SCC
are characterized by a signal reflection at the surface of the tumor and a shadow below
due to its strong keratinization. Finally, in the case of benign melanoma, large nests of
nevus cells are observed and, in general, for melanoma strong scattering areas are typ-
ical. Moreover, in [30], large vertical, icicle-shaped structures are shown to be the most
striking feature in OCT image to differentiate benign from malignant melanoma. These
studies agree on the potential of OCT for a differential diagnosis between SCC and BCC
and studies are progressing for the differentiation of malignant and benign tumors with
OCT images. However, systematic studies on the correlation of OCT and histopatholog-
ical images are still lacking and the interpretation of OCT images is difficult. This can
be explained by the difference of the two techniques and in particular the conditions of
observation which is in-vivo for the OCT techniques and ex-vivo for the histopathology
technique. This implies that the skin shape changes after it has been removed, but the
substances used for the colouring of the image also modify the aspect of the skin for
a better visualization. Finally, histopathological examination is a direct observation of
the structure whereas the refractive index of the skin must be taken into account in the
OCT measurements. These different aspects are responsible for a significant distortion

between the two types of images.

1.3/ MINIATURIZATION OF OPTICAL COHERENCE TOMOGRAPHY
SYSTEMS

The miniaturization of the OCT makes possible a reduction of its size but also of its cost
thanks to batch fabrication. The miniaturization of the system gives the possibility to ac-
cess any body zones with a maximum of flexibility and leads to multi-functional devices.
It also makes possible the fabrication of endoscopic heads for the inspection of tissues
inside the body. This section reviews the state of the art of miniaturized OCT systems
and more specifically the miniaturization of the interferometer which is the core of the
OCT. OCT systems are complex systems composed of many optical components such as
a source, an interferometer with a reference mirror that can be actuated, sometimes a lat-
eral scanning mirror, some imaging lenses and an optical detector. The challenge is to
miniaturize all these parts and assemble them. The less assembly is required, the higher

is the degree of integration of the different optical/mechanical part.
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1.3.1/ STATE OF THE ART
1.3.1.1/ FIBER-BASED SYSTEMS

A first degree of miniaturization has been possible thanks to the development of optical
fibers. The latter have been widely used for imaging devices and are more particularly
interesting for endoscopic systems. The main advantage of optical fibers is that the
bulky parts of the optical system can be separated from the endoscopic imaging head.
Typically, OCT systems in which the interferometer is deported from the measurement
head have been developed. In these systems, the interferometer is realized by coupling
of two fibers. In Fig. 1.15, an original architecture of OCT imaging system is presented
based on fiber-bundle by Xie et al. [33]. The system can achieve a lateral resolution of 12
pum and an axial resolution of 10 yum using a superluminescent diode source. The interest
of this system is to eliminate any moving parts within the probe. Instead, the scanning
head is located at the entrance of the fiber-bundle which leads to a less bulky probe in
contact with the sample. Indeed, only imaging lenses are necessary at the output of the
fiber-bundle since the latter maintains the spatial scanning between the entrance and the
output of the fiber. Moreover, the interferometer is also based on fibers. The flexibility
of design linked to the use of fibers explains that the major part of the OCT systems

presented in the literature are fiber-based.

Figure 1.15: Fiber-based OCT system with a fiber-optic imaging bundle used to maintain
the spatial scanning between the entrance and the exit of the fiber [33].

1.3.1.2/ MICRO-FABRICATION-BASED SYSTEMS

Research results have shown the great potential of the miniaturisation of OCT imaging
systems by incorporating MEMS components and micro-optical components, combined

with fiber optics based interferometers. MEMS components show several interests: (1)
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MEMS devices are small, (2) MEMS scanners can operate at high speed for real-time
imaging, (3) the cost of MEMS devices can be low due to the mass production capability
and (4) their power consumption is generally low. Various solutions for the implemen-
tation of a lens and of a scanning mechanism in OCT systems have been studied in the
literature [34]. In particular MEMS fabrication techniques have been widely used for
the realization of scanning mechanisms based on actuated micromirrors. The main rea-
son is that OCT systems used, in the past, galvanometer mirrors to scan the light beam
across the sample but this technology is limited to 1D scanning and was quite bulky. Re-
versely, MEMS micromirrors provide 2D scanning within a small footprint area. Several
actuation principles have been experimented such as electrothermal, electromagnetic and
piezoelectric [35]. A comparison of these technologies is made in Chapter 2. To name but
one, Pan ef al. reported an electrothermal MEMS OCT scanning head with the interfer-
ometer part created by use of two coupled fibers (Fig. 1.16, [36]). The image area scanned
is 2.9 mm x 2.8 mm. For skin imaging, this image size limits the visualization of an entire

lesion that is essential for an effective surgery.
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Figure 1.16: Fiber based OCT system with a MEMS scanning based on electrothermal
actuation [36].

Very recently, in 2014, Lu et al. presented a handheld, ultrahigh speed, swept-source
optical coherence tomography instrument using a MEMS scanning mirror dedicated to
retinal imaging [14]. The source used is a vertical cavity surface-emitting laser (VCSEL)
operating at 1060 nm. 6x6x3 mm?> volumetric OCT data were generated each 1.4 seconds
with an axial resolution of 10 yum in tissue. The handheld system is very compact thanks
to the use of fibers that enables the separation of many parts such as the reference arm.
Figure 1.17 illustrates the concept. The light goes out the optical fiber, is reflected onto
the MEMS scanning mirror and onto another fixed mirror that target the light beam into
the eye. Visible light is used to illuminate the iris and an image of the eye is recorded on

a camera. A led is also used to see the target point of the SS-OCT with visible light.
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Figure 1.17: Handheld OCT instrument internal optical layout and unfolded optical com-
ponents showing the (A) OCT 1060 nm optical path, (b) iris camera visible optical path,
and (C) fixation target visible optical path [14].

Not only the scanning mirrors have benefited from the microfabrication techniques but
other parts of OCT systems have also been investigated in terms of miniaturisation. One
of these components is the interferometer. Already in 1997, an original approach was
demonstrated by C. Gorecki where a waveguided Mach-Zehnder interferometer is inte-
grated on a silicon substrate [37]. The reference arm integrates a thin film transducer for
active sinusoidal phase modulation giving a sensing function to the device. Another ex-
ample is the realisation of a Fizeau interferometer based on an ultra thin photodiode by
the Tohoku University [38]. In 2001, an integrated optical sensor chip in glass has been
presented, including eight waveguided interferometers realized on a glass substrate [39]
for OCT applications. Finally, Yurtsever et al. proposed, in 2008, a Michelson interferom-
eter based on SOI [40, 41] and, in 2014, another photonic integrated interferometer based
on Mach-Zehnder configuration [42]. In the latter, the waveguide technology is based
on a technology developed by LioniX BV called Triplex, that is based on a high index-
contrast waveguide structure including a core in SiO, that is surrounded by Siz Ny (Fig.
1.18).
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Figure 1.18: Photonic integrated interferometer based on silicon technology: a) schematic
of principle, b) photograph of the prototype. [42]

Another component, necessary for FD-OCT, is the spectrometer. R.F. Wolffentbuttel
reviews different solutions for the fabrication of MEMS-based microspectrometers in
silicon [43]. Moreover, in 2012, Akca ef al. developed a solution for the implementation
of SD-OCT with the integration of a spectrometer based on an array of waveguides made

from silicon oxynitride technology (Fig. 1.19) [44].
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Figure 1.19: Schematic of principle of an integrated spectrometer realized with an array
of waveguides based on oxynitride technology [44].

Finally, a very advanced system using micro-optical components is proposed by Aljasem
et al. [45]. A membrane-based microfluidic tunable microlens is used for the tuning of

the beam focus allowing to achieve high resolution over a wider range of depth scan and
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an electrostatic 2D scanning micromirror is used for the lateral scan. The measurement
head, hosting these microcomponents as well as a microfluidic channel, has a diameter

of 4 mm and is then compatible with endoscopes (Fig. 1.20).
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Figure 1.20: Completed measurement head, including the tunable lens arrangement and
the scanning micromirror: (a) schematic design and (b) photograph. The relative posi-
tions of the GRIN collimator, the tunable lens, the scanning micromirror as well as the
optical fiber input and pressure hoses are seen. The outer diameter of the measurement
head is 4 mm [45].

Another strategy to achieve a high resolution over a wider range of depth scan is to use
Bessel beams. Based on this idea, the same group proposed a system based on three
axicons to focus the light in the tissue [46]. The miniaturized axicons are integrated in a
silicon bench which enables the fabrication of a very small device (7 mm x 1.5 mm x 1.5

mm).

The presented works testify for the great interest in the size reduction of OCT systems
and demonstrate the possibility of integrating interferometers, scanning heads but also
spectrometers. However, the integration of all these components together on one chip, or
in one integrated system is still a challenge. For this purpose, different approaches have

been investigated and are presented in the following.

1.3.1.3/ INTEGRATION STRATEGIES OF MICROFABRICATED COMPONENTS

The miniaturisation of various components of optical systems have been reported above.
Once fabricated, these microcomponents must be integrated together, aligned and fixed.
The handling of microstructures is not easy and different strategies to manage their as-
sembly have been considered. A first strategy is to assemble the microcomponents on a

microbench. In the literature, several demonstrations have been reported to position the
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microcomponents in a specific way [47]. The basic principle is to use integrated MEMS
micropositioners to move the microcomponents out of the plane in which they are fab-
ricated and align them [48, 49, 50]. Another type of silicon optical bench is proposed
based on etched alignment grooves [51]. This design is modular and highly flexible as
different optical microcomponents can be adapted. Finally, another solution, reported in
2010, is to use a microgripper to manipulate the microcomponents and place them on a
microbench [52]. This solution includes a higher degree of freedom with the possibility

to choose/adjust the horizontal distances between the optical microcomponents.
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Figure 1.21: Silicon optical microbench: (a) MEMS micropositionners for out-of-plane
Fresnel microlens with diameter 280 pum [48, 49] and SEM pictures of two holders assem-
bled onto the rail of the baseplate: (b) modular optical bench [51], (c) two holder carrying
a ball microlens of 258 yum diameter and a micromirror [52].

A second strategy is to perform the assembly of microcomponents at wafer level. For this
purpose, 3D vertical integration, which is already a major trend in packaging of semicon-
ductor devices, has been developed. In the field of microsensors, it is often used to hybrid
an electronic driving/detection circuit with a MEMS sensor. Likewise 3D integration is
commonly used in micro-electronics to stack memories [53], processors or mixed signal
systems [54] or optoelectronic components [55]. The purpose is to add functionalities and
to overcome the limitation of device size reduction while maintaining high performance
and low cost. Figure 1.22 illustrates the 3D integration by direct bonding of numerous

wafers (up to 6) which was investigated for the fabrication of microturbines [56, 57].
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Figure 1.22: An example of the six combustion wafers prior to bonding along with a 3D
schematic of the stack [56]

Multi-wafer 3D vertical integration of micro-optical components has different constraints.
The main issue is to bond several wafers while controlling the alignment and the geomet-
rical variations between the different microcomponents. Only few investigations were
made on vertically integrated optical systems as proposed in this manuscript. One of
the first example of a vertical stack of microcomponents reported in the literature aims
at the realisation of a confocal microscope [58]. The system integrates a fused silica lens
plate with scanning micromirrors realized on a silicon substrate. Two microlens scanner
for microconfocal imaging have been successfully stacked to enable 2D raster scanner.
Each scanner scans a lateral direction and integrates a polymer microlens. The concept
includes the integration of a third out-of-plane scanner for 3D imaging [59, 60, 61]. Fi-
nally, a third concept, based on one 2D scanner and one out-of-plane scanner, has also
been published [62]. The interest of vertical assembly is that it is compatible with batch-
fabrication enabling lower cost and packaging solutions but also the use of alignment
machines that guarantees a high alignment precision. In particular, packaging is a critical
issue for the protection of the device and is usually complex due to the small size of the

microsystem at stake. These three concepts are shown in Fig. 1.23.

Stacked 2D microlens
scanner [1]

Figure 1.23: Vertically integrated confocal microscope: (a) Fused silica lens with scanning
micromirrors [58], (b) three 1D scanners with polymer based microlenses [60], (c) one 2D
lateral scanner (XY) assembled with one 1 scanner (Z) [62].
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1.3.2/ MINIATURIZATION OF THE INTERFEROMETERS

The miniaturization of interferometers combined with objective lenses is possible with
MOEMS technologies. Different types of interferometer configurations have been devel-
oped. In this section, a comparison between Mirau, Michelson and Linnik configuration
is done in order to evaluate the more suitable configuration for a high degree of inte-
gration. Based on this comparison, a review of the integrated Mirau interferometer is

presented.

1.3.2.1/ COMPARISON BETWEEN MICHELSON, LINNIK AND MIRAU INTERFEROME-
TERS

Depending on the optical arrangement, several interferometric configurations exist.
Here, we focus on three configurations that are compatible with low coherence inter-
ferometry: Michelson, Linnik and Mirau [63]. The Michelson configuration (Fig. 1.24,
(a)) generally uses low magnification, up to 5X. The Linnik configuration (Fig. 1.24, (b))
provides very high lateral resolution, with possible high magnifications, up to 200X,
since the imaging lens is directly in contact with the sample enabling no limitations
on the working distance. However, this configuration suffers from several drawbacks.
Because of the presence of two different lenses, one in the reference and the other in the
sample arm, Linnik interferometers are bulky, heavy, and also very sensitive to wavefront
and misalignment. Mirau type interferometers (Fig. 1.24, (c)) are a compromise in terms
of magnification, which ranges usually between 10X and 50X. The Mirau interferometer
already benefits, because of its in-line architecture, from a compact construction. The
reference mirror is axially centred and placed below the last dioptre of the objective
lenses. A semi-transparent plate is positioned between the reference mirror and the
specimen. This aspect makes it very interesting for potential miniaturization. Moreover,
its vertical configuration is compatible with vertical integration techniques from MEMS
technologies reported in the previous section. This specific point of view, based on 3D
integration, is different from any other point of view described above where on chip,

horizontal interferometers were developed.
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Figure 1.24: Three different configurations of interferometer: (a) Michelson, (b) Linnik,
(c) Mirau.

1.3.2.2/ REVIEW OF VERTICALLY INTEGRATED MIRAU MICRO-INTERFEROMETERS

Mirau type interferometers have several advantages linked to their construction that
make them interesting for miniaturization. Two different types of Mirau interferometer,

presented in the literature, are detailed and a new approach is finally proposed.

Array-type passive Mirau interferometer In 2011, Albero et al. presented an array of
micromachined Mirau interferometers for low coherence interferometry, dedicated to the
parallel inspection of MEMS [64]. It consists in 5x5 passive interferometers combining
free-space micro-optical technologies and silicon micro-machining. The array of interfer-

ometers is not dense in order to enable the inspection of large wafers.

The technology of the microlenses fabrication is based on a classic polymer UV-molding.
A mirror is deposited at the backside of the lens by evaporation with an anti-reflective
coating at its backside. Diffractive optical elements are also molded on the backside of the
lens to compensate optical aberrations. Finally, the beam splitter is created by deposition
of thin dielectric layers. Final assembly is realized with UV-curable adhesive without
necessary alignment between the lens wafer and the beam splitter wafer. The concept
and first technological results of the Mirau micro-interferometer, integrated into the OCT

probe, have been already published in [65].

For OCT systems, the benefit of the frequency domain working principle has been shown
previously. Moreover, in this domain, the addition of an active reference micromirror has
been proven to be useful for a better dynamic and the discrimination between artefacts
and signal of interest. The paper presented above and its related design does not enable
to integrate such functionality as the micromirror is deposited on the backside of the

microlens.
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Figure 1.25: Array-type passive Mirau interferometer [64]. Only one channel is drawn
out of 25 per wafer.

Individual active Mirau interferometer During my research work, in 2014, a design,
similar to the one exposed in this thesis, is proposed by Xu et al. for a 3D single-channel
tunable Mirau interferometer. Here, a movable MEMS mirror is integrated on top of a
beam splitter [66].

The MEMS vertical microscanner is based on a double SOI wafer used to fabricate an
electrostatic vertical comb-drive actuator. It is suggested to assemble the beam splitter
and the vertical microscanner by direct bonding. The optical objective is not integrated,
then a commercial objective should be used. The proposed design is based on 3D hybrid
integration of an out-of plane reference micromirror scanner wafer and an optical beam

splitter wafer. The design is presented as well as the complete process flow [67].

These works, based on a Mirau architecture, can be pushed further by implementing an
active reference mirror in an array-type Mirau interferometer with both objective lens

and beam splitter integrated.
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Figure 1.26: Individual active Mirau interferometer [67]

1.3.2.3/ OUR APPROACH: AN ARRAY-TYPE ACTIVE VERTICALLY INTEGRATED MIRAU
MICRO-INTERFEROMETER

In the frame of the European project VIAMOS? started in 2012, including 7 academic
research and industrial partners, we propose to benefit from advanced MOEMS tech-
nologies, enabling a new generation of miniature and low-cost instruments, to develop
a swept-source OCT (S5-OCT) microsystem based on spectrally tuned Mirau interferom-
etry for the early diagnostic of skin cancer. Each European partner contributes to the
development of the system by delivering different building blocks shown in Fig. 1.27.
The light comes out from a swept-source realized at VIT institute in Finland and goes
through the Mirau interferometer whose microcomponents are fabricated in FEMTO-ST
in Besangon and assembled by Fraunhofer institute ENAS in Chemnitz. The light is re-
flected back in the skin and finally detected by a high speed camera developed by the
CSEM in Neuchatel. The University of Stuttgart (ITO) was responsible for the optical
design of the system and the company Statice from Besangon was in charge of the as-
sembly and the packaging of all the components. Clinical tests are planned and realized

by the university hospital (CHU) in Besancon. Finally, the industrial partner DermoScan

“The website of the European project VIAMOS is http:/ /viamos.eu/.
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studied and prepared the potential release of the system on the market.
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Figure 1.27: Building blocks of the SS-OCT developed in VIAMOS.

The first part of this thesis has reported the need for an integrated OCT system in derma-
tology that should meet the specifications given in the column 3 of Tab. 1.2. Moreover,
the price of the targeted system must be lower than the existing ones. We believe that
the high price of the commercial system is the reason that stops its development in the
market of skin imaging. To lower the cost, two strategies are employed. Firstly, the minia-
turisation of the system, based on collective fabrication techniques, leads to a decrease of
the price. Secondly, the light source used in VIAMOS is chosen to be relatively slow com-
pared to the state of the art in order to minimize its cost. To compensate the slowness of
the light source, the idea is to spatially parallelize the acquisition using the full-field tech-
nique. In addition, to further increase the A-scan speed and to image a large field of view
of 8x8 mm?, a 4x4 array-type micro-interferometer is designed. Indeed, such a field of
view cannot be imaged with a full-field acquisition based on microcomponents without
an array configuration. The 4x4 array-type micro-interferometer also enables to image
a reduced field of view in each channel of the interferometer and then leads to a higher
resolution in each channel. The general concept of our vertically integrated Mirau micro-
interferometer is shown in Fig. 1.28. The Mirau micro-interferometer is composed of a
dense matrix of Mirau micro-interferometers, each one composed of a lens, an actuated
micromirror and a beamsplitter. The matrix structure is based on the vertical assembly at
wafer level of three optically functionalized wafers with the objective lenses, the MEMS

vertical microscanners, the beam splitter and the vertical spacers.

The MEMS vertical microscanner is used for the implementation of a phase-shifting al-

gorithm based on the acquisition of 4 images as presented in Sec. 1.2.1.5. It is the core
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function of the interferometer and is the subject of this thesis. Its design, fabrication and

characterisation will be described in the next chapters.
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Figure 1.28: Array-type active vertically integrated Mirau micro-interferometer

1.4/ CONCLUSIONS

In this chapter, the status of skin cancer has been described in details. The increase of
the number of skin cancers in the world and its consequences such as scares, disfigure-
ment, and potentially deaths, become a global issue that is expected to accentuate in the
near future. The first challenge in treating skin cancers is their early diagnosis. Screening
techniques, such as self-evaluation based on ABCDE criteria, has shown a limited effi-
ciency since no information resolved in depth can be retrieved. Obviously, the possibility
to image skin lesions is a key parameter and enables both early diagnosis, follow-up and
monitoring during surgical interventions to perform efficient biopsies. However, nowa-
days, dermatologists are still lacking of high-resolution imaging systems that allows suf-
ficient depth penetration to obtain a resolved 3D image. Among the possible imaging
techniques, OCT systems are a good compromise having both a resolution and a pen-
etration depth suitable for skin imaging. Moreover, the development of a new type of
OCT, i.e. frequency domain OCT (FD-OCT), along with the implementation of sweep-
ing optical sources, leads to more sensitive and faster systems. With these features, the
OCT system is an ideal candidate for imaging biological tissues. Finally, phase-shifting
techniques can be implemented to overcome the presence of artefacts terms linked to the
implementation of the FD-OCT technique. However, if OCT systems have revolutionized
the ophthalmology, and are more and more used in cardiology, they struggle to become
a routine in dermatology where studies show its great potential for the diagnosis of skin
diseases and more particularly cancers. One of the reason is that existing systems are
very expensive and bulky. Then, the examination of biopsies, i.e. the histopathology, is
still the gold standard despite several drawbacks such as invasiveness, delays and defor-
mation of the removed tissue.

Miniaturisation, combined with a high degree of integration, is a solution to these draw-
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backs. Developed technologies based on fibers, MEMS and MOEMS already show great
promises. However, the specifications required for biomedical imaging of skin detailed
in the first chapter are not met yet. In particular, the investigated area is often limited by
the MEMS scanning head. If huge progresses have been done in the miniaturization of
individual parts of OCT systems, higher degree of integration is still a challenge. Indeed,
multi-disciplinary constraints must be taken into account in order to develop success-
fully miniaturized systems that are completely integrated. In particular, both the optical
design and the technological limitations have to be taken into account. Here, we propose
a design based on the integration of a Mirau interferometer that is chosen for its compat-
ibility with microfabrication processes. More precisely, the Mirau configuration can be
vertically integrated and benefit from optical characteristics suited for our application.
The Mirau interferometer is composed of a 4x4 matrix of Mirau micro-interferometers
consisting in a matrix of lenses, a matrix of actuated reference micromirrors and a beam
splitter. The matrices are both fabricated and vertically assembled at wafer level. This
thesis focuses on the design, the fabrication and the characterisation of the array of ver-
tically actuated micromirrors with embedded position sensing function. The goal is to
integrate it in a Mirau micro-interferometer, for phase-shifting purposes. Before keeping
on with the description of our system, the state of the art of vertical microscanners and

position microsensors is discussed in the next chapter.
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BASIC PRINCIPLES AND STATE OF THE
ART OF VERTICAL MICROSCANNER

In order to introduce the technologies of vertical microscanners, this chapter proposes
a brief overview of the micro-actuators according to their different actuation principles.
Different mechanisms of MEMS actuation are discussed, illustrating each technology by
an example of scanner application. A particular attention is paid to scanners based on the
technology of electrostatic vertical comb drive, an architecture that is chosen to achieve
the phase modulation of the array-type Mirau micro-interferometer in VIAMOS project.
The discussion of the basic fabrication techniques and their limitations is used as a basis
to define an adapted electro-mechanical design for the vertical microscanner that is pre-
sented in Ch. 3. Finally, the solutions to integrate an embedded displacement sensor are

proposed.

2.1/ MEMS ACTUATORS TECHNOLOGIES

There are four main actuation mechanisms employed for generating the scanning func-

tion with MEMS mirrors and actuators: piezoelectric, thermal, magnetic and electrostatic.
2.1.1/ PIEZOELECTRIC ACTUATORS

2.1.1.1/ PRINCIPLE

Piezoelectric actuation is based on the deformation of piezoelectric materials. Piezoelec-
tric materials creates an electric field when they are mechanically deformed and reversely,
they deform in response to an applied electric field (Fig. 2.1). Piezoelectric materials are
crystals and can be natural or man-made. The most commonly used materials in mi-

crofabrication processes are Quartz (5iO;, natural) and Lead Zirconate Titanate (PZT,

43
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man-made). The piezoelectric character of a material is linked to its crystal lattice. The
deformation of the crystal lattice changes the polarization, i.e. modifies the electric dipole
moment of a unit cell of the crystal. Usually in a crystal, all the domains have a different
polarization so that the overall polarization is 0. When a stress is applied, the polarisa-
tion of all the domains changes resulting in an overall polarisation equal to 0. In order
to see a piezoelectric effect, the polarisation of all the domains needs to be aligned in a
one direction. For this purpose, the material is heated up to a temperature higher than
the Curie temperature! and an external electric field is applied. The dipoles of all the
domains will align, reaching a maximum polarization. When the sample is cooled down
and the external field is removed, a remanent polarisation remains. After this process,
which is called poling, the material exhibits a piezoelectric character.

Piezoelectric materials are used to fabricate micro-actuators and microsensors using the

direct piezoelectric effect and the reverse one.
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Figure 2.1: Schematic representing the piezoeletric effect: (a)(b) Reverse effect, (c)(d) Di-
rect effect [68]

The relation between the electric displacement D and the mechanical strain S is described

by two coupled matrix equations:

D =¢eTE+dT

S =sET+d,E (2.1)

where T is the mechanical stress, E the electric field , €T the permittivity at constant me-

IThe Curie temperature is the temperature above which the natural polarization of a material can be
changed
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chanical stress, st the mechanical compliance at constant electric field and d and d; are
respectively the piezoelectric constant and its transposed tensor. The characteristic co-
efficients, €’ and d of piezoelectric materials are grouped into tables and the symmetry
of the corresponding tensors depends on their crystal lattice [69]. These two constitutive
equations are fundamental to describe piezoelectric material and derive piezoelectric ac-
tuator design. However, piezoelectric actuators have a main drawback, the electric field-
mechanical stress relationship presents hysteresis. The hysteresis effect describes the fact
that the response of a system depends on its history. For actuation, this is a problem
because it implies that two different displacement value can be obtained for one applied
voltage. This effect have been studied and modelled in order to facilitate the use of piezo-

electric actuators [70].

2.1.1.2/ EXAMPLES

PZT is the most used piezoelectric material for its great sensitivity, its high operating
temperature and its relative easiness to be fabricated. There are three main techniques
of microfabrication of PZT films [71] : thick film printing [72], sputtering [73] and sol-gel
processing [74, 75]. Another technique is to bond bulk PZT and thinned it by lapping
and polishing technique to obtain a thin layer [76]. To apply or sense an electric field, two

metal electrodes are usually deposited under and above the PZT film.

The main advantages of piezoelectricity are significant deformations, that can be
achieved with a relatively low voltage (typically tens of V), and high actuation frequency
in the range of kHz.

A piezoelectric scanning micromirror for endoscopic OCT was presented by Gilchrist et
al. and Naono et al., respectively in 2009 and 2014 [77, 78]. In the first article PZT is spin
coated from metal organic precursors, whereas, in the second one, 13% Nd doped PZT
(PNZT) is deposited by RF magnetron sputtering. Moreover, in [78], PNZT sensors were
also fabricated and it is shown that doping PZT enables to double the scanning angle (Fig.
2.2). These large angles allowed to achieve 4.6 mm x 3 mm images with a SS-OCT. How-
ever, the resolution is limited to 16.7 um for larger angles and the scanning frequency is
90.3 Hz.
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Figure 2.2: PNZT piezoelectric actuator for the implementation of scanning micromirror
in an endoscopic OCT [78].

For this thesis, out-of plane actuators are of interest. However, few articles present de-
signs for vertical actuation. Qiu et al. proposed in 2010 a vertical translational micro-
actuator reaching 80 um of vertical displacement for 20 V [79]. More recently, a piezoelec-
tric MEMS actuator was presented [80]. The actuator performs piston mode oscillation in
resonance with vertical displacements up to & 800 um at 163 Hz with a driving sinusoidal
voltage of 25 V.

The easiness of fabrication makes piezoelectric actuation very attractive for MEMS. The
main issue with piezoelectric actuation is the hysteresis behaviour and that it is usually

incompatible with CMOS process which complicates its implementation.

2.1.2/ THERMAL ACTUATORS
2.1.2.1/ PRINCIPLE

Thermal actuation is based on the mechanical deformation of a material in response to
a change in temperature. The change in temperature is usually obtained by applying an
electric potential, corresponding to electro-thermal actuation, and in few cases by optical
heating with lasers. The electrothermal analysis is based on the study of the dissipation
of the heat in the beams [81, 82], which allows to retrieve the mechanical deformation as
a function of the applied current [83]. The material properties to take into account are the

thermal conductivity and the thermal expansion. The linear expansion can be written as:

AL = LaAT (2.2)
(2.3)
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where « is the linear expansion coefficient, AL and AT are respectively the variation of

length and temperature.

When a single material is used, specific designs based on a large arm and a thin arm lead
respectively to a cold arm and a hot arm resulting from the higher current density ob-
tained in the thin arm. When two materials are used, referred to as bimorph actuators,
the mechanical deformation is due to a difference of the thermal expansion coefficients
of the two stacked materials leading to the creation of stress. The range of materials used
for thermal actuators is wide, including bimetallic actuators using nickel, copper, alu-
minium, titanium [84, 85] but also polysilicon/silicon dioxyde bimorph structures [86].
Finally, single material actuators are usually based on polysilicon and use specific designs
to create stress [87, 83]. Different designs of thermal micro-actuators based on bimorph
[88], bent-beam(s) [89] and flexure [90] designs have been implemented [91] (Fig. 2.3).

Both in-plane and out-of-plane actuation have been demonstrated [92].
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Figure 2.3: Typical designs for thermal actuators: (a) bimorph, (b) bent-beam, (c) flexure
[91].

2.1.2.2/ EXAMPLES

The possibility to integrate such actuators in MOEMS has been investigated [93]. In 2005,
A. Jain et al. presented a large vertical displacement actuator based on thermal actuation
compatible with CMOS and suitable for interferometry and in particular OCT systems
for biomedical imaging (Fig. 2.4) [86]. The specific design presented allows very large
vertical displacement by applying a voltage to both the frame and the mirror. Therefore a
relatively low voltage is necessary (200 pm for Vegme = 6V and Vyipor = 1.5 V). However,

no dynamic behaviour is presented for the piston mode.
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Figure 2.4: Thermal micro-actuator with two embedded mechanical frames for large dis-

placements [86].

More recently in 2014, Liu et al. presented a MEMS- based 3D confocal scanning micro-
endoscope [94]. The axial scan is performed thanks to the integration of a lens onto a ver-
tical electrothermal actuator used in piston mode (fresonance = 24Hz) whereas the lateral
2D scanning is realized with an actuated micromirror also based on the electrothermal
actuation principle. A vertical displacement of 400 ym is measured at only 2 V and a
scanning angle of &+ 26 ° is obtained at 4.5 V. The footprint of the MEMS devices is 4 mm

x 4 mm allowing its use in endoscopic measurement heads.

In general, electro-thermal actuators consume more power than the other actuators and
are responsible for an elevation of temperature. This elevation of the temperature is a
major constraint for the packaging of the device and in particular when biological imag-
ing is targeted. Finally, another drawback of the electro-thermal actuation is its limitation

to low frequencies.
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2.1.3/ MAGNETIC ACTUATORS
2.1.3.1/ PRINCIPLE

The magnetic actuators employ two actuation principles. The first principle is based on
the fact that under an external applied magnetic field, a magnetic sample experienced a

force F described as follows:
ﬁ
F iag = Viag| M = H| (2.4)

where V)44 is the volume of the magnetic sample, M is the magnetization of the magnetic

sample and H is the external applied magnetic field.

Magnetic materials used are permalloys (NiFe) [95, 96] or nickel (Ni) [97] which are eas-
ily electroplated on the moving parts, while the electromagnetic field is external to the
device. The external electromagnetic field is typically generated with coils or permanent
magnets. Another possibility is to use a coil structure on the moving part which gener-
ates the electromagnetic force while an external permanent magnet is manually attached
to the device [98]. The main drawback of this kind of magnetic actuators is the need of
off-chip bulky coils to provide for the external magnetic field. When the coil is integrated,
it leads to either large structures, or the use of large current [97]. Finally as piezoelectric

actuators, magnetic actuators suffer from the hysteresis effect.

The second actuation principle is based on the Lorentz force law:
- =
?Lorentz =11=xB (2.5)

where F is the Lorentz force experienced by a conductor across which a current I flows
and under an applied magnetic field B. Using this principle, no magnetic materials must

be integrated onto the actuator, and the actuator has no hysteresis effect.

2.1.3.2/ EXAMPLES

Two magnetic actuators, which use the principles mentioned above, are presented below.
In [95], permalloy is deposited on the released polysilicon membrane. An external elec-
tromagnet provides for the external magnetic field. Very large deflections up to 2 mm
have been demonstrated. However, a relatively high biasing magnetic field of 6.107 A/m
is necessary. In [99], the Lorentz force is used and displacements up to 47 pum are mea-
sured for relatively low driving voltage (2.4 V). The actuator presented in this article is

laterally moving, however it can be easily adapted to vertical actuation by changing the
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direction of the magnetic field B. The technology presented, based on silicon standard
fabrication processes, is compatible with classical MEMS technology and CMOS circuit

implementation.
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Figure 2.5: (a) Actuation based on magnetic force [95]: permalloy based technology, (b)
actuation based on Lorentz force: silicon based technology [99]

2.1.4/ ELECTROSTATIC ACTUATORS
2.1.4.1/ PRINCIPLE

The electrostatic actuators are based on the electrostatic force existing between two oppo-
site charges, which is the Coulomb force. Then, electrostatic actuators are usually com-
posed of two facing structures with opposite charges. Several geometries have been in-
vestigated such as the parallel plate or the comb drive (Figure 2.6). The two designs
can be used for both out-of-plane and in-plane actuation. The simplest geometry with

parallel plate is, in fact, a classic capacitor C, which stored energy is:

E = %CVZ (2.6)

where V is the applied voltage between the two plates.
From this, we can derive the electrostatic force F:

ik _14C
dx  2dx

V? (2.7)

In the case of the parallel plate capacitance, neglecting the fringing fields, it gives:

_eA
o d

where A is the area of the plate (A = LW), € is the electrical permittivity of the material

C (2.8)

between the plates, and d the distance between the plates,
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and

ac €A C

= 2.
dx x2 X @9)
where x is the distance between the plates.
Finally, one obtains:
1 €A 1CV?
Feox-Ly2o 280 2.1
2 ¢ T2 2 x (210)
(a) Configuration 1: (b) Configuration 2:
Parrallel plate Comb fingers

V1

Vo

== Fixed == Fixed
Movable Movable

Figure 2.6: Electrostatic actuator design: (a) Parallel plate, (b) Comb fingers

The only constraint is that the material used for the capacitance surface must be conduc-
tive. Then, highly doped silicon is usually used but comb drive based on other materials
like GaN [100], CMOS based (SiO, and metal layer)[101] or even metallized polymer
[102] have also been demonstrated. This unique constraint, in terms of material, makes

this principle easy to implement, which is why it is widely used in MEMS systems.

2.1.4.2/ EXAMPLES

As the purpose of this thesis is the development of vertical microscanner, the focus is
made on vertical actuation.

Parallel plate actuators are often implemented according to a technology, called Poly-
MUMPS, based on the creation of a free standing polysilicon membrane, creating a first
electrode, which is facing the silicon substrate on which the second electrode has been
deposited. The gap between the two electrodes is created by etching a sacrificial layer,
which thickness determines the gap distance. Therefore, this thickness limits the range
of actuation which is further limited by the pull-in effect (defined in Sec. 2.2.1.2). Con-
sequently, researchers have worked on different strategies to increase this critical gap,
either with a thicker sacrificial layer or a double polyMUMPS process [103] or by lever-
ing beams [104, 105, 106]. The polyMUMPS process is presented below according to [104]
in Fig. 2.7.
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Figure 2.7: Fabrication flow chart based on polyMUMPS process [104].

In [104], the gap between the two parallel plates is increased using an unbalanced electro-

static force experienced by the supported beams that moves upward the structure (Fig.
2.8).

actuator
plate

L-sha ped/r
spring —

L-shaped spring

fixed bottom electrodes

Figure 2.8: Parallel plate vertical actuator based on polyMUMPS process [104].

Finally, a well-know problem with surface micromachined poly-Si-based technology is a
residual stress leading to initial deformation of released structures. This is an important
issue for larger array of micromirrors like in our case. Moreover, the actuated micromir-
rors that are designed based on parallel plate actuation are usually working in reflection.
For devices, working in “transmission”, i.e. the micromirror plane must also be optically

transparent around the micromirror, transparent electrodes must be used, like ITO, or
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specific complicated design must implemented, for example with the assembly of two

structured wafers [107].

Comb drive structures have been widely developed, first, for lateral optical scanning
purposes, and then, for out-of-plane actuation. This geometry is easy to be implemented
because it is based on an in-plane fabrication whereas parallel plate requires vertical fab-
rication of movable and fixed parts leading to “3D” MEMS. Though, when it deals with
out-of-plane actuation, comb drives also require vertical elements in order to create an

out-of-plane electrostatic field.

Table 2.1 summarizes the typical characteristics of each actuation principle. Each prin-
ciple has its own advantages and drawbacks. For our targeted application, we do not
need large actuation displacement. Moreover, our vertical microscanner is meant to be
integrated within a Mirau micro-interferometer which implies a high level of integration
combining different technologies. Then, the vertical microscanner must be compatible
with bonding technologies such as anodic bonding and be resistant to high temperature.
Here, we give a priority to the degree of difficulty of the fabrication and the simplicity
of the material used. According to these two parameters, electrostatic actuation is the
most suited. Moreover, electrostatic comb drive technology has a lot of advantages with
respect to the three other main technologies: standard microfabrication materials as sil-
icon can be used, the out-of-plane actuation can be easily coupled with “transmissive”
micromirrors when comb fingers are placed around the structure, and the energy is pro-
vided by an electrical potential that is, for small displacement such as the one targeted for
phase shifting applications, relatively small and compatible with medical imaging. For
these reasons, electrostatic comb drive technology is chosen for the design of our vertical

microscanner and is described in details in the next section.
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Table 2.1: Comparison of the actuation principles

Actuation Voltage range Disp. Speed Tec.hno. Comments
inciol range difficulty

principle

Electrostatic I0V-few 100V | ~ 30 um Fast + Small dis-
placement

Electrothermal 1V-10V ~ 500 pm Medium ++ Slow re-
sponse
time

Electromagnetic <1V ~1mm Fast +++ Hysteresis
effect
Need of a
coil

Piezoelectric 1I0V-few 100V | ~ 100 um Fast 4+ Hysteresis
effect

2.2/ ELECTROSTATIC VERTICAL COMB DRIVE SCANNERS

2.2.1/ PRINCIPLES

Figure 2.9 shows three types of vertical comb fingers configurations. All the design are

based on a vertical asymmetry of the structure, which creates a vertical asymmetry of the

electric field that leads to a vertical electrostatic force.

(a) Levitation

IH—

(b)

S

Figure 2.9: Types of vertical comb finger configurations.

|

ElFixed
IMovable

(©

IH—

Parallel field
Fringing field

For vertical comb drive, the electrostatic force can be derived from 2.7:

dE.

iz 2

(2.11)

where N is the number of comb fingers that creates N capacitances in parallel, and ‘ZZ—S is

the variation of the capacitance of one movable finger facing two fixed fingers (Fig. 2.9).
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Figure 2.10: Annotations used in the following detailed calculations.

2.2.1.1/ CALCULATION OF THE CAPACITANCE

Depending on the design, the variation of the capacitance is based either on the variation
of the parallel plate capacitance and the fringing field capacitance (Fig. 2.9, (b)) or only
on the variation of the fringing field (Fig. 2.9, (c)). The configuration presented in Fig. 2.9
(a) is a specific case where a bottom substrate is necessary. In this case, the electrostatic

force is called the levitation force [108] and is given by:

(z0 — 2)

F =, V?
Yz 20

(2.12)

where 1, is the vertical drive capacity, V is the potential applied between the comb fin-

gers, and zg is the equilibrium vertical position.

For the configuration corresponding to Fig. 2.9 (b) and (c), the parallel plate capacitance
is classically defined as in 2.8. The fringing capacitance is much more complicated to
derive because the electrostatic field is not linear in this region. Conformal mapping
based on the Schwartz-Christoffel transformation can be used to calculate the total
electric field around a zero-thickness parallel plate capacitance taking into account the
fringing field [109]. The aim of this transformation is to transform the plane where the
electric field cannot be calculated into a plane where the electric field lines are uniformly
spaced and straight and where the electric field is then easier to calculate. In 2000, this
technique was used to derive an electrostatic model for vertical asymmetric comb drive
[110]. Recently in 2014, E. Gallagher and W. Moussa compared this analytical model for
zero-thickness plates with FEM analysis of non-zero thickness plate [111]. They have

shown that the maximum error equals 2.8%.

Figure 2.11 represents the comb drive configuration considered in [111] and used to de-

rive the electrostatic force:



56 CHAPTER 2. BASIC PRINCIPLES - STATE OF THE ART OF MICROSCANNER

/lme of symmetry

(zero flux) :
1 ||
[
,_\ (I,_

g mapped spau/

Figure 2.11: Configuration of comb finger and description of parameter used in the fol-
lowing equations [111].

F:ﬁ(g,ts,tt,z)><g><V2
b=d _ pa=c
_ n ( i=a Vi ) S X eNL 12 (2.13)
4(a—b){F(6(u=0),q) +F(x(u=0),q)} d

and F is the incomplete elliptic function of the first kind.

Finally a, b, c and d are defined as follows:

na//g — en(b,—&—h)/g

a=e
b=em/s
!
c = e’ /8 — ent/g

d:e”d//gzl
/ t+h

2.2.1.2/ CALCULATION OF THE MAXIMUM VOLTAGE

Lateral instability The potential V, applied between the facing comb finger is limited
due to lateral pull-in. Over a critical voltage, referred to as V,,, the first derivative of the
electrostatic force with respect to the lateral direction becomes higher than the restoring
spring constant of the springs, referred to as ky. Therefore over this critical voltage, the
facing comb fingers are attracted between each other and the restoring force of the spring

is not sufficient to prevent the comb finger to enter in contact. This principle is detailed
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in [112]. Neglecting the fringing capacitance, the electrostatic force in the lateral direction

X is:

ehL
F, = N——2rlap 2 ! - ! . (2.16)
2 (d—x)" (d+x)
The actuator is stable when: oF
ky > [ 6’] (2.17)
ox x—0

This leads to:

S (2.18)
crit—x — ZNGhLoyeylap |

In 2004, W. Huang et al. developed another formalism which is equivalent to the one
presented before. However, they also took into account the rotational stiffness of the

spring, referred to as kg, which leads to rotational pull-in if k, > k.

Figure 2.12: Schematic of the comb finger design taking into account rotational and lateral
stiffness.

In this case, by solving the equation (Fig. 2.12):

LDU(’V ap
/ " dE = ko (2.19)
0
where
ehd 1 1
dF,, = 22 - . (2.20)
2 (d—x—y0)" (d+x+yb)
One can obtain:
3kod3
Verit-o = | oo hz3 (2.21)
€ overlap

In the case where the rotational stiffness and the lateral stiffness are of the same order,

one obtains, after applying the Taylor expansion for a small number of 6 and calculating
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limg_,(x/0) = x (6) |o=o

kyd3 r
Verit——x = \/ N (2.22)

2Neh Lovgrlap + T’Loverlap

where

3 3 overlap

. _1_3(k9/(kagwlap))+ (13(k9/(ka§mp)))2+<k9/(kaz )

(2.23)
The critical pull-in voltage is usually around 150-200 V, for typical values of vertical elec-
trostatic comb drive parameters, which is well above the specification of voltage for our

medical application (maximum 50 V).

Electrical breakdown of the medium The electrical breakdown voltage is defined as
the voltage applied between two electrodes that enables a current to flow between the
two electrodes. The electrical breakdown of a gas occurs when a free electron in a gas
is accelerated by an electric field with enough energy so that it ionizes a neutral atom
after collisions of the two particles. Moreover, this phenomena is associated with an
“avalanche” phenomena which results in Townsend breakdown. The ionization of the
atom will create another free electron that is also able to create another ionization and
so on. The result of this “avalanche” phenomena is the occurrence of a spark in the ion-
ized gas. In 1889, F. Paschen shows empirically that the voltage breakdown is a function
of the gas pressure and the gap between the two facing electrodes. The Paschen curves
describe the phenomena for different gases. The breakdown voltage has been studied ex-
perimentally for different gas and gap spacing. It has been shown that for metallic planar
electrodes with micro-scale gap the Paschen law is no more applicable [113]. This can be
explained by the fact that for these values of gap spacing, the Townsend breakdown is no
more dominant but field emission occurs from the cathode surface so that the cathode is
locally vaporized which results in electrical breakdown [114, 115]. However, for silicon
electrodes such as comb drive structures, the Paschen law is still valid. For typical comb
drive actuators, the voltage breakdown is between 300 and 350 V, which is higher than

the maximum voltage that can be used for medical applications.
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2.2.2/ FABRICATION TECHNIQUES

In 2012, E. Gallagher et al. have published a detailed review of the methods of fabrication
of vertical comb drives [116]. Here, the different strategies of fabrication of silicon comb
drive will be separated depending on the mechanism used to create the vertical offset
between the comb fingers. Indeed, in term of microfabrication, this point is critical. Three
main strategies are detailed here: creation of the two sets of comb fingers in two different
layers (2.13,(a-b-c)), etching of both the top of one set of fingers and the bottom of the
other set of fingers (2.13,(d)) and etching of the top of one set of fingers (2.13,(e)).

(a) (b) (©

* . Second layer

(e)
I I —Fixed

=Movable
Figure 2.13: Three main strategies of vertical comb finger fabrication: (a-c)) Strategy 1
based on the structuration of two different layers, (d) Strategy 2 based on the structura-
tion of one layer from the top and the bottom, (e) Strategy 3 based on the structuration of
one layer from the top.

(d)

Strategy 1 consists in the selective etching of two different layers.

Figure 2.13 (a-b): One solution is to assemble two wafers in which one set of comb
drive is etched. A first possibility is to create the comb fingers in two different silicon
wafers and then bond them [117, 118]. The assembly of comb drive, fabricated separately
in the device layer of two SOI wafers or with two PDMS structures has also been demon-
strated [119, 120]. This technique presents the disadvantage to be very sensitive to the
alignment precision between the two sets of combs. Asymmetric vertical comb drives
have been also developed based on the assembly of two silicon wafers in which verti-
cal comb drives are etched, respectively before and after the bonding of the two silicon
wafers [121, 122] (Fig. 2.14).
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Figure 2.14: Fabrication of asymmetric comb drive by assembly of two wafers creating
top and bottom electrodes [121].

In [123], Kumar et al. use the bonding of a silicon wafer onto a SOI wafer. One set of comb
fingers is etched in the device layer of the SOI, whereas the other set of comb fingers
is etched in the silicon wafer which has been previously thinned and polished. The
fabrication flow chart is presented in Fig. 2.15 and shows that there is a self alignment
between the two sets of comb fingers. This fabrication process has been also used in
[124]. The 2D scanning micromirror fabricated is integrated in a fiber based SS-OCT
for 3D imaging. Another technique, presented by Yeh et al., consists in the deposition
of a polysilicon layer on top of a silicon wafer. One set of comb fingers is created in
the bulk silicon whereas the other set of fingers is created in the deposited polysilicon
[125, 126]. More advanced technologies including the use of specific SOI wafers with
embedded mask in the buried oxide were also proposed by Kwon et al. [127]. With
this method, comb fingers are created in both the handle and the device layer created
by back-side DRIE through the embedded mask. Their technology also includes the
creation of backside island isolation to provide electrical isolation as well as mechanical
coupling of SOI structures.

Figure 2.14 (c): Finally, another possibility is to use a SOI wafer to create classic

comb fingers in the device layer over the handle layer to use the levitation force [128].

Strategy 2 consists in etching both the top of one set of comb fingers and the bottom of
the other set of comb fingers (Fig. 2.14 (d)). This has been demonstrated in silicon wafer
by Kim et al. in 2002 and by Zhang et al. in 2005 [129, 130]. In the two presented processes
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Figure 2.15: Strategy 1 of fabrication of vertical comb drives based on the assembly of
two wafers [123].

(Fig. 2.16), the vertical offset created on the top of the finger is realized classically by
protecting one set of comb fingers while the other one is etched. Quite the reverse, the
selective etching of the bottom of the fingers is more difficult. By protecting preferentially
specific comb fingers side walls, an isotropic etching, using XeF, in [129] or an alkaline

solution in [130], is realized to create asymmetric comb fingers.

Strategy 3 consists in the creation of standard comb fingers with no vertical offset fol-
lowed by a selective etching of one set of comb fingers (Fig. 2.14 (d)). Tsuchiya et al.
have been the first to propose this method in 2004 [131] (Fig. 2.17). A first mask is used
to create comb fingers in the device layer. A second mask is used to protect one set of
comb fingers while the other is etched down to half the thickness of the device layer. In
[131], this configuration is used for the implementation of an accelerometer, i.e. a sensor
(described in the next section), but the potential of this design for electrostatic actuation
is also highlighted. This strategy of fabrication have been implemented for different ap-
plications such as positioning application, and phase shifting device [132, 133, 134]. The
success of this method is due to a great advantage of simplification compared to the other
methods presented above. The alignment is simplified, there is no need of deposition of

another material layer nor the need of assembly of two wafers.

A last strategy of fabrication of vertical comb drive for CMOS-MEMS has been demon-
strated in 2002 by H. Xie et al. [101]. This design is very interesting because it is com-
pletely compatible with CMOS structure as the comb fingers are created in a CMOS
post-processed wafer (Fig. 2.18, A.). The CMOS post-processed wafer is composed of
successive metallic layers separated vertically and horizontally by dielectric layers. This

metallic layers are used as masking layer to create the comb fingers. Driving voltage to
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(1) silicon wafer

@®

Figure 2.16: Strategy 2 of fabrication of vertical comb drives based on the etching of top
and bottom of the set of facing comb fingers [129, 130].

specific metallic layers enables the creation of vertical capacitances that lead to vertical
actuation (Fig. 2.18, B.).
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Figure 2.17: Strategy 3 of fabrication of vertical comb drives based on the etching of top

one set of facing comb fingers [131].
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Figure 2.18: CMOS based technology: (a) main steps of fabrication of vertical comb drive
micro-actuator based on a CMOS wafer, (b) schematic of the vertical comb fingers and

the associated capacitances [101].

2.2.3/ EXAMPLE OF APPLICATIONS

There are few examples of MEMS optical phase-shifter in the literature. In 2006, H. Choo

and al. deposited a patent which demonstrates MEMS-based, phase shifting interferom-
eter at 23 Hz [135] (Fig. 2.19). The fabrication process is based on Strategy 3.
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Figure 2.19: Vertical comb drive actuator developed based on SOI for phase shifting in-
terferometry.

In 2012, K. Oda et al. demonstrated vertical comb drive on SOI wafer for phase shifting
device and they also integrated a sensing function that is described in the next section
(Fig. 2.20). Sensing is based on Strategy 3 whereas actuation is based on Strategy 1 [134].

However, only static behaviour was characterized.

Fixed mirror  (3)

Movable mirror

Sensor Part

Figure 2.20: Vertical comb drive actuator based on SOI developed for phase shifting in-
terferometry with embedded sensing function.

Finally, vertical comb drive implemented for a phase shifting device was also presented
in 2010 by Chiou et al. based on the CMOS-MEMS fabrication process described above
[136] (Fig. 2.21). An array of 3x3 micromirrors is fabricated with individual driving and
sensing. The device is designed to have a resonant frequency at 3.71 kHz and a static
displacement of 128 nm is achieved with a driving voltage of 38 V which corresponds to

an optical phase shift of 4 in the designed system.
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Figure 2.21: Vertical comb drive actuator based on CMOS technology developed for
phase shifting interferometry [136].

2.3/ EMBEDDED SENSING FUNCTION IN ELECTROSTATIC VERTI-
CAL COMB DRIVE SCANNERS

Accurate positioning is of great importance for many applications of MEMS and
MOEMS. Microscanners for example have a high potential as phase-shifters for interfer-
ometry where the nanometer-scale position accuracy is requested over a displacement
range of few micrometers. In order to make such systems both economically viable as
well as compact, on chip position sensing appears to be a requirement. Among the pos-
sible strategies of position sensing, the piezoelectric and the electrostatic effects are the
most used. When it deals with electrostatic actuation, electrostatic sensing is preferred.
Indeed, it is more convenient to implement the same technology for both sensing and
actuation on a same chip. All the configurations presented before for actuation can be
used in a reverse way for sensing purposes. In the case of the electrostatic principle,
the displacement of one electrode towards the other creates a change of capacitance
that can be detected. When vertical electrostatic comb drive actuators are used, comb
sensing is easily integrated. If the capacitance between a moving comb finger and two
fixed neighbouring comb fingers is not a linear function of the vertical displacement,
H. Xie et al proposed a differential design based on CMOS type comb finger which
leads to a linear variation of the sensing differential capacitance regarding the vertical
displacement [101]. Tsuchiya ef al. adapted this differential sensing using two designs
of silicon comb fingers, one small moving finger and one high moving finger [131].
The differential capacitance of these two complementary asymmetric designs is a linear
function of the vertical displacement of the moving fingers and is not sensitive to
in-plane displacements. In 2012, two papers presented such a design for phase shifting
devices [133, 134]. The two configurations of comb fingers are presented in Fig. 2.22, (a).



66 CHAPTER 2. BASIC PRINCIPLES - STATE OF THE ART OF MICROSCANNER

(a) (b)

40 : 20
=%
| Vertical comb: C, ] Vertical comb: C, | 103s
Y G % : e
b G g S%S‘M g g
=
1 § N T ss
A 5 —> T
A > A g \A‘ L B¢
o Movable Fixed Movable 8 10?...2
finger finger finger -100 S
. : w g
\ -
10

M . . 20
-10 -5 0 5
Displacement (um)

Figure 2.22: Differential capacitance sensing: (a) Design of the two differential comb fin-
gers configuration, (b) Simulation of the capacitance, the differential capacitance and the
electrostatic force associated with C; variation.

The typical variations obtained are presented in 2.22 (b).

If the fringe effect is neglected, the variation of the capacitance C; of Fig. 2.22, (a) can be

written as:

AC; = —ZeZAl (2.24)

and the variation of the capacitance C, of Fig. 2.22 (a),

AC, = ZeﬁAl - 2€£Ah (2.25)
d d
Finally, one obtains:
AC = AC — ACy = 2e;Ah (2.26)

Another solution is also to create parallel plate sensing using the back-side of the actu-
ated micromirror as a first electrode and the substrate as a second electrode. This solution
is suited when reflective micromirrors are designed or a transparent ITO electrode must
be integrated which complicates the technology. This reflective micromirror approach
has been proposed in 2003 by A. Lee et al. in [128] (2.23).
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Figure 2.23: Vertical actuation with comb fingers and sensing with parallel plates.
2.4/ CONCLUSIONS

The main actuation principles have been presented and illustrated with typical examples
of fabrication. Among the possible solution of implementation, electrostatic actuation is
chosen for its relatively simple fabrication process due to its compatibility with silicon
standard technologies. In particular, the electrostatic design based on comb fingers has
several advantages for the integration of a phase-shifter producing the out-of-plane dis-
placement of the reference mirror of a Mirau micro-interferometer. As the displacements
required are relatively small (hundreds of nanometers), the required voltage is typically
below 50 V, depending on the overall design. Moreover, the other possible design, i.e.
parallel plate capacitance, is not well suited in the case of a Mirau interferometer as it re-
quires a bottom electrode, that is usually not transparent and that prevents the light from
going through the micromirror plane. To implement a electrostatic vertical comb drive
actuator, several solutions have been highlighted. Though, Strategy 3 is chosen for its
simple design and is compatibility with the integration of an embedded capacitive posi-
tion sensing function based on the same technology. Few examples in the literature have
shown that the vertical electrostatic comb drive is well suited for the phase-shifting tech-
nique and only one proposes an embedded sensing function. The aim of this thesis is to
realize such a movable structure, carrying an array of 4x4 micromirrors that is designed
to be implemented in a Mirau micro-interferometer. This last requirement is essential and
is the guideline for the optimal design of the actuated array of micromirrors. The next
chapter presents the design and the simulation of the electrostatic comb drive actuator in

terms of optical, electrical and mechanical aspects.
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DESIGN AND SIMULATION OF
VERTICAL MICROSCANNER

The vertical microscanner developed in this thesis is a building block of a monolithically
integrated array-type Mirau micro-interferometer. For the targeted application, i.e. skin
visualisation for early diagnosis of skin pathologies, the Mirau micro-interferometer is
integrated in a swept-source OCT system. The design of the vertical microscanner must
be adapted to this purpose, i.e. meet the OCT specifications. Thus, the concept of the
Mirau micro-interferometer, as part of the OCT system, is firstly presented in terms of
optical design and technological implementation. Secondly, two designs of the vertical
microscanner, based on two different strategies of fabrication, are proposed. Electrome-
chanical simulations have been also conducted to optimise the vertical microscanner de-

sign in order to find the suitable parameter values.

3.1/ OPTICAL DESIGN OF THE SS-OCT SYSTEM

3.1.1/ GENERAL INTRODUCTION

According to the requirements linked to the visualisation of skin cancers at an early stage,
three parameters are first considered: the image area, the axial and lateral resolutions. As
mentioned earlier, in order to visualize the borders of the common lesions, an area of
8x8 mm? is targeted together with a resolution of 5-7 um in both directions. The field
of view of an interferometer is directly linked to the size of the reference mirror. Imag-
ing of such a large field of view (8x8 mm?) would require the use of a large mirror and
thus a large diameter lens. Indeed, the diameter of the Mirau lens must be much larger
than the reference mirror, as the latter creates a central obscuration of the light beam.
Moreover, the lateral resolution of an optical system is proportional to its lens diameter

and its focal length. If a high resolution is targeted and a large diameter lens is used,
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it means that a long focal length is necessary. Obviously, a large diameter lens with
a long focal length leading to a large device is not compatible with the objective of a
miniaturised system. Moreover, large diameter lenses cannot be fabricated with micro-
fabrication process that usually limits the lens diameter to few millimetres. Finally, from
an optical point of view, it is difficult to maintain a high resolution over a large field of
view. Indeed, the spatial sampling of the field of view must be high enough to keep the
resolution. However, a high spatial sampling is possible with a high magnification be-
tween the sample and the detector and with a very large detector [137]. Here, the array of
micro-interferometers offers a good compromise using low magnification to benefit from
relatively long working distance and wide field of view while high resolution is obtained.
Each micro-interferometer is composed of microcomponents and can image a small part
of the targeted field of view. Then, a full image can be reconstructed through lateral and
axial scanning along with a stitching of the different zones of interest. This solution has

been chosen and a 4x4 array-type Mirau micro-interferometer has been designed.

3.1.2/ DESCRIPTION OF THE SYSTEM

The optical design of the SS-OCT is presented in Fig. 3.1. The different functional blocks

of the system are described below.

3.1.2.1/ ILLUMINATION

The light is generated by a swept-source and is brought to the microsystem through an
optical fiber creating a spatially incoherent source. The swept-source consists of a su-
perluminescent diode (SLD), commercially available [138], which is filtered by a MEMS
Fabry-Perot interferometer (FPI) developed by VTT Technical research center of Finland
in the frame of the project [139]. For the optical design, the SLD chip (size 4 pm x 4 pm)
can be assumed as a point source. This point source is collimated by an aspheric lens.
The collimated light is then filtered by the FPI and finally coupled to a multi-mode (MM)
fiber thanks to the same collimation lens. An appropriate collimation lens is a Thorlabs
lens (C150TME-B). The MM fiber has a core diameter of 1.2 mm. The light coming out
from the fiber is recovered by a condenser lens triplet whose goal is to collimate the light

over the matrix aperture.

3.1.2.2/ MICRO-INTERFEROMETER

The collimated light is then split by a beam splitter cube so that half of the light is directed

onto the micro-interferometer. The light travels through the Mirau micro-interferometer.
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Figure 3.1: SS-OCT design: The light path and the stitching principle are illustrated in
only one channel for clarity. In reality, the beam splitter cube (BS cube) is as large as
the lens matrix to redirect the light coming from the source in all the channel and all
the channels are moved at the same time. The full-field is illustrated by showing three
light rays (black, blue and red) whose direction is shown for the red ray. SLD: Super-
Luminescent Diode, FPI: Fabry-Perot Interferometer

The Mirau microlens focusses the light in the skin. The focused light propagates simul-
taneously thanks to the Mirau beam splitter to the skin and until the Mirau reference
micromirror. Light going back from the skin and from the micromirror interfere and goes
out from the interferometer through the Mirau microlens. The condenser lens and the

Mirau lens creates a 4-f optical system.

3.1.2.3/ IMAGING

The light coming back from the micro-interferometer, and carrying the interference sig-
nal, goes through to the beam splitter cube where one part of the light goes to the camera.
The light is focused on the camera by a tube lens. The Mirau lens and the tube lens cre-
ates a 4-f optical system, which focus the light on the camera. The camera is a high speed
camera (framerate=4 kpfs), developed by the CSEM. It is based on a 1024x1024 matrix of
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12 um pixels.

3.1.3/ OPTICAL DESIGN

The targeted parameters are an axial and lateral resolution around 5-7 ym and a final
field of view of 8x8 mm?2. In FD-OCT, the lateral and axial resolution are not directly

coupled allowing to equalize them.

On the first hand, the axial resolution is limited by the light source bandwidth and
central wavelength as shown in Eq. 1.13. We choose a bandwidth AA of 50 nm and a
central wavelength Ay of 850 nm. These two parameters are a good compromise because
the bandwidth should not be too large to limit the effect of dispersion and the central
wavelength set to 850 nm gives a good contrast when imaging skin. The calculated axial

resolution 4z is equal to 6.38 um which is within the specifications:

2@ A _
0z = AN 6.38 um (3.1)

On the other hand, the lateral resolution is calculated based on the Rayleigh criteria ac-

cording to Eq. 1.15 which results in 5.2 yum if a numerical aperture of 0.1 is considered:

Ao
The axial resolution and the lateral resolution are close providing a isotropic imaging
system. In the following, the axial and the lateral resolution are supposed to be the same
and equal to 6 um. The Nyquist criteria states that the imaging sample rate, i.e. the pixel
size, should be one half of the size of the smallest imaged object, i.e. the lateral resolution.

Then the imaging magnification should be equal to:

20x 2% 12
Minaging = 570 = 638~

3.7 (3.3)

where Ax is the pixel size equal to 12 um.

Finally, to image a field of view of 8x8 mm?, different arrays of micro-interferomters are
possible: 2x2 lenses (diameter 4 mm), 3x3 lenses (diameter 2.7 mm), 4x4 lenses (diameter
2 mm), and so on. A good compromise corresponds to lenses providing a good trade-off
between field of view, focal length and lateral resolution. Technological considerations

must also be taken into account because it limits the lens parameters, and in particular
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the diameter [140]. Based on these considerations, a diameter lens of 1.9 mm has been
chosen to form a 4x4 matrix. A larger diameter would be difficult to fabricate by micro-
fabrication techniques and a smaller diameter would induce a small field of view. An
array of microlenses is superposed to an array of micromirrors to create the Mirau micro-
interferometers. A volume stop is placed in front of the camera to avoid the cross talk
between the channels. This volume stop limits the aperture on the camera to 1.5x1.5
mm? per channel. According to the imaging magnification, the reference micromirror
size, Lirror, is calculated equal to 400 um which results in a field of view of 1480x1480
um? in the image plane. The micromirror creates a central obscuration which leads in a
transmission of the mirror plane of 94% which is higher than typical values studied in the
literature (70%-80%) [141, 142]. The distance between the microlenses and the micromir-
rors is not critical in itself, as long as its impact on the obscuration ratio is not significant.
In order to avoid the use of an additional spacer, the distance between the microlens and
the micromirror is set to the thickness of the micromirror wafer, which is typically around
500 um. Finally, the effective diameter of the lens is limited by an aperture stop of diam-
eter equal to 1.5 mm to minimize the effect of spherical aberrations present at the lenses
borders. Then, assuming a paraxial approximation, the Mirau lenses effective diameter

is 1.5 mm and it corresponds to a focal length of 7.5 mm (NA=0.1).

D mirau _ Laperture . 1.5mm

i = 5 N A T 2w NA —2x01  2mm (34)

In the Mirau micro-interferometer, the distance between the micromirror and the beam
splitter is optically critical as it ensures that the micromirror is in the “focal plane” of the
microlens. Indeed, it has been shown previously that the optical path difference between
the sample arm and the reference arm should be small to benefit from a higher sensitivity
[21]. Taking into account that the distance between the lenses and the micromirrors is
equal to 0.5 mm, it results that the distance between the Mirau micromirrors and the
beam splitter is set to 3.5 in order to have the micromirrors in the focal plane of the Mirau

lenses (7.5 mm =2 x 3.5 mm + 0.5 mm).

The total optical path length defines the vertical size of the final optical system. It is
the sum of the focal length of the Mirau lens and the tube lens, which are calculated as

follows:

Frube = Mimaging X fatirau = 3.7 X 8 = 27.75 mm (3.5)
fMirau ‘I'ftuhe = 35.25mm (36)
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Note that the Mirau lens has been modified into a doublet of lenses in order to improve
the quality of the focussing beam. Indeed, the optical system is less sensitive to spherical
aberrations when using two successive lenses. This can be explained by the diminution

of the required refractive power when using two lenses compared to one lens.

Finally, the condenser focal length is chosen equal to 16 mm to obtain a magnification of
0.47. This results in a lateral field of view in the skin of 560 um (MM fiber core diameter
is equal to 1.2 mm), which is larger than the field of view that we want to image on the

camera (400 pum).

Millumination = ng:W =047 (37)
ondenser

The aim is to image a 3D volume with an imaging depth of 600 um according to the
targeted application of detection of early skin cancers. The imaging depth depends on

the axial field of view of the system as explained in 1.2.1.5. It is calculated as follows:
4In(2) A§

T OA
= 638 um (3.8)

FOVuxiul —coherent —

where JA is the linewidth of the light source.

However, the axial field of view is also limited by the geometrical optics as:

FOVaxialfgeometric =177——

=150 ym (3.9)

Here, the axial field of view is then limited by the optics and is equal to 150 pm.

The parameters of the optical design are summarized in Table 3.1.
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Table 3.1: Parameters of the optical design of the SS-OCT system and their value.
System parts Parameters Values
[llumination SLD Central wavelength /Bandwidth 850 nm / 50 nm
MM Fiber core diameter 1.2 mm
Condenser focal length (fcondenser) 16 mm
Magnification 0.47
Beam splitter cube Ratio / size 50-50 / 10 mm
Micro-interferometer | Matrix
Array 4x4
Pitch 2 mm
Lens fill factor 1.9/2
Mirau lens
Focal length (firau) 7.5 mm
Diameter (Dpiray) 1.9 mm
Mirau mirror
Mirror size 400 pm x 400 uym
dlensfmirror 500 um
dmirror—BS 3.5 mm
Mirau beam splitter ratio 70/30 (T/R in %)
Imaging Tube lens
Focal length (f;,p.) 27.75 mm
Diameter (Dyp.) 1.9 mm
Camera
Number of pixels (Npiyer) 1 Mpixels (1024x1024)
Pixel size (Lpixer) 12 ym x 12 ym
Diameter of the aperture stop (Laperture) 1.5 mm
Magnification 3.7
Aperture stops Diameter size 1.5 mm
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3.1.4/ STITCHING

To be able to record B-Scans, or potentially a 3D image, the array is laterally moved so that
each micro-interferometer can image a total area covering the gap between two neigh-
bouring micro-interferometers. This gap corresponds to the pitch of the array which is
2 mm. Then, each micro-interferometer must image a total 2D area of 2x2 mm? thanks
to scanning and stitching. Hence, due to the matrix arrangement, lateral movements of
2 mm range lead to image continuously 8x8 mm?. Moreover, the total targeted depth of
field is 600 um to be able to reach and recover the dermo-epidermal junction. Z-stitching
is necessary to image such a depth. Figure 3.2 shows a 3D view of the array of micro-
interferometers. Each micro-interferometer has a field of view represented by a small
pink square. After x and y stitching, the black square represents the total lateral field of

view. The axial field of view of the SS-OCT image is also shown for 4 stitched images.

Light

Doublet of micro-lens —

Reference mirror
scanner

Mirau beam splitter__ 5.

Lateral field of
view of one
channel
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Figure 3.2: 3D visualisation of the array of micro-interferometer and its corresponding
field of view. The field of view of each micro-interferometer is shown as well as the total
volume imaged after X, y, z stitching.

An overlap between each image, acquired after the lateral and the vertical movements of

the whole interferometer, is necessary to stitch correctly the image. The overlap region is
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set to 20% of the field of view according to the results presented in [137]. In this case, the

number of stitched images is calculated as follows:

2mm = NstitchingLMirror - (Nstitching - 1) % 0.2 X Lirror
2mm — 0.2 X Lpgirror

Nevipotin o =
stitching LMz'rror —0.2x LMirror

=6 (3.10)

Finally, the camera is fixed and a dynamic region of interest is used to record the interfer-
ogram. Then, the total number of pixel, taking into account the lateral stitching process

and the 20 % overlap regions, must be smaller than 1024:

Npixele = (Nchannel - 1)xPitch + Lstitching
=3 X 2mm + NrorAx + (Nstitching - 1) X (1 - Overlﬂp) X LMirror
=3 X 2mm + M X Lpgipror + (Nstitching - 1) X 0.8 X Lntirror

NpixerAx = 9.08 mm
Npixes = 757pixels (3.11)

where Lyjscping is shown in Fig. 3.1.

Note that the number of pixels necessary to image the field of view of one micro-
interferometer, i.e. corresponding to an image of 400x400 um and referred to as Nror,

is equal to 123x123 pixels.

To image a depth of 600 um, vertical stitching is also required since the axial field of view
is equal to 150 um. Therefore, the Mirau interferometer is vertically moved 5 times by an
external mechanical actuation, with overlapping regions to obtain the targeted depth of
image. The external mechanical macro-actuator will not be described in this thesis. The
sequence of image acquisitions is the following: one acquisition is done in all channels,
and then the micro-interferometer is moved in the x direction and a second acquisition is
performed. This is repeated six times and then the interferometer is moved once in the y
direction and again the micro-interferometer is laterally moved 6 times in the x direction.
There is a total of 6 stitching in the y direction. Then, the interferometer is moved in the z
direction and the sequence is repeated. All the acquisitions are used to reconstruct the 3D
volume (Fig. 3.3). The image processing is coded in the visual programming language,

also called graphical language, LabVIEW (National Instruments) [143].
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Figure 3.3: Flow chart of the sequence of image acquisition for all the channels. The image
processing is coded in LabVIEW.

The system can provide different types of images. Firstly, 4 B-scans can be visualized,
based on x and z scanning and stitching, in order to give a first rapid information on the
lesion. Then, a 3D image can be reconstructed, based on x,y and z scanning and stitching,
to give a complete view. Note that dermatologists are used to interpret histopathological
images that correspond to B scans. Moreover, in practice, a 3D image is much more

difficult to visualize.

3.1.5/ PHASE MODULATION

Sinusoidal phase modulation, based on the theory presented in Sec. 1.2.1.5, is used to
get rid of the parasitic terms obtained in FD-OCT techniques and increase the signal dy-
namic of the system [22, 23]. The algorithm depends on the frequency, the initial phase
and the amplitude of the sinusoidal phase modulation. To reconstruct properly the mod-
ulation, 8 acquisitions per period of the modulation must be recorded. Our high speed
camera has a maximum frame rate of 4 kfps, which is why the modulation frequency is
set to 500 Hz (4,000 Hz/8). Moreover, the modulation amplitude is set to 2x 26340 which

4

is the optimum value for the implementation of this algorithm as defined in [22]. Ac-
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cording to our parameters, the modulation displacement should then be equal to 352 nm.
The initial phase depends on the electric signal phase which drives the actuator. Here,
a swept-source OCT system is designed and the phase modulation algorithm must be
implemented for each wavelength. Fig.3.4 shows the time line of an acquisition.

A 8 acquisitions

e

Camera trigger

Displacement of the micromirror for the phase modulation

8 periods
Source sweeping wavelength

Ay

A

>

time

Figure 3.4: Time line acquisition for the camera, the actuated micromirror and the light
source.

In order to compare our system with commercial ones (Tab. 1.2) and with the literature
(Tab. 1.1), it is interesting to calculate the A-scan rate of our system. Without z scanning,

the A-scan rate is calculated as:

Rate
RateA_sam = N Souree i NIZQOI czhzmnel
period—modulation
10
= §x123x123x4x4
= 302.6kHz (3.12)

If phase modulation is not performed, then the speed is multiply by 8. Despite a slow
source, the acquisition speed is at the state of the art and our system is adapted for tissue

imaging.

3.2/ DESIGN OF THE VERTICAL MICROSCANNER

As explained previously, the success of the realization of MOEMS systems relies on the

capacity to combine a well designed optical system with an adequate technology of mi-
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crofabrication. Based on the considerations presented in Chapters 1 and 2, a Mirau micro-
interferometer has been designed for SS-OCT with an array of actuated micromirrors that
enables the use of phase shifting techniques. The actuation parameters defined by the op-
tical designs are a sinusoidal actuation which frequency equals to 500 Hz and a minimal
displacement amplitude of 352 nm to be reached with a maximum voltage of 50 V re-

quired by the medical application.

3.2.1/ VERTICAL ASSEMBLY OF THE MIRAU MICRO-INTERFEROMETER - MEMS
CONCEPT

The 4x4 array of Mirau micro-interferometer consists of a doublet of an array of mi-
crolenses, a SOI wafer with MOEMS vertical microscanners, carrying an array of refer-
ence micromirrors, a spacer used for focus adjustment, and a planar beam splitter wafer,
as shown in Fig. 3.5. Each microlens wafer consists of a Si wafer bonded with a glass
wafer. Therefore, a complete Mirau micro-interferometer is a stack of 7 wafers. The as-
sembly of this stack requires the development of an “N-bonding process”, in which N
substrates made from different materials will be sequentially stacked and bonded. These
steps will be detailed in Sec 5.5.

DMirauzl.g mm
NA(doublet) = 0.1

2x437 pm

Doublet of microlenses ’—W

Vertical microscanner | |

540 pm

3 mm

-~ N—
Spacer ﬂ H
Beamsplitter I \ | T 500 pm

Electrical connections

Samﬁle

Figure 3.5: Cross-section view of the vertically integrated Mirau interferometer composed
of 4x4 Mirau micro-interferometer and its main dimensions (not to scale). Light path is
shown for one channel with the two border rays.

The construction of the microscanner has to fulfil several requirements related to the ver-
tical integration within the Mirau micro-interferometer. Firstly, the microscanner wafer
must be positioned up-side down in the wafer stack to ensure that the reference mirror
faces the beam splitter (Fig. 3.5). Then, the distance between the Mirau lens wafer and
the microscanner wafer is equal to the microscanner wafer (540 um) and these two wafers
are directly bonded together. Moreover, the microscanner wafer must be compatible with

the overall integration strategy based on anodic bonding (materials, process temperature,
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surface quality). Finally, electrical interconnections have to be provided to drive the ac-
tuators and sensors by external electronics. For this purpose, holes in the spacer are
placed in such a way to enable side access to the contact pads, located on the border
of each chip, during wire bonding [144]. The specificity of this microscanner design is
that it works in transmission, i.e. the area around the micromirror must be transparent,
whereas microscanners presented in the literature usually work in reflection. Moreover,
the implementation of PSI method implies that the micromirrors cannot be simply de-
posited on the backside of the lenses [64], which are static, but must be integrated onto
an actuated platform. In this thesis, two solutions are proposed, either the micromirrors
are deposited on a transparent support [145] or they are held by suspensions. The two

designs are presented below.

3.2.2/ MICROMIRROR PLATFORM
3.2.3/ DESIGN OF THE SILICON PLATFORM

Here, we focus on the design of the vertical microscanner. The scanner design is based
on a structured silicon platform, which contains a 4x4 array of micro-mirrors. The plat-
form is attached to the frame by use of four silicon multi-folded springs, is actuated by
electrostatic comb drive and its position is sensed by additional electrostatic comb drive.

A schematic of the global design is shown in Fig. 3.6.

Springs

Act. Sens.

Springs

'SuUsg 19y

Actuated platform

Act. Sens.

Act. Sens.

Springs

Figure 3.6: Global design of the vertical microscanner. Act.: actuation, Sens.: sensing.

The array of micromirrors is embedded in a single actuated platform because all the mi-
cromirrors must be actuated synchronously. Therefore, there is no need to individually
control the displacement of the micromirrors which would require an array of individ-
ually actuated platforms. Such an array of platform with individual actuators would
also be restrictive with respect to the density of the array. The platform must be as light
and stiff as possible. Hence, the platform is structured with holes in order to decrease

its mass. Indeed, the resonant frequency of the actuated platform with micromirrors is
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related to the mass and the suspensions stiffness according to the following equation:
fresonant = % X \/% . If m, the mass, is reduced, then k is reduced and the vertical ac-
tuation force equal to F, = k, X z is minimized and so the actuation energy. Moreover,
the platform must be stiff enough to avoid deformations in static but also in dynamic.
Indeed, if the distance between the mirrors and the beam splitter varies from one mirror
to another, i.e. the optical path length in the reference arm of the interferometer changes,
then the area imaged by the system varies in depth from one mirror to another. This is
not a problem if the vertical offset between adjacent channels is below the axial resolution
of the system (6.4 um). If it is higher than this value, then the image treatment to recover
the 3D image becomes more complicated. The actuated platform is designed as a square
which dimensions respect the optical design of the array of micromirror. In particular,
the side length of the platform, noted L4 form, is 8.1 mm (Eq. 3.13). The platform is
structured with disk holes corresponding to the light beam diameter in the mirror plane,
i.e Dyoje = 1840 um. This value is smaller than the lens diameter because the light beam

is focussed and then its diameter decreases along its propagation.

Lplatform = 3Pitch + Dpote + 2L Border
=3x20+184+2x0.130=6+1.84+0.26 = 8.1 mm (3.13)

where Lp,,4.r is the distance between the holes and the border of the platform.

To limit its mass, the square silicon platform is structured, in between the disk holes,
with a honeycomb matrix. This pattern is chosen for its good trade-off between mass and

stiffness. The parameters of this structure are to be defined by the simulations.

3.2.3.1/ FIRST DESIGN : GLASS SUPPORT FOR THE MICROMIRROR INTEGRATED ON SIL-
ICON ACTUATED PLATFORM

The first design deals with the integration of a transparent support for the micromir-
ror on the silicon platform. This support must be optically transparent, mechanically
supporting the micromirror, resistant to high temperature due to the use of anodic bond-
ing during the vertical assembly and compatible with silicon that will be used for the
micro-actuator. These criteria are well satisfied by the Borofloat glass. Borofloat glass is
a borosilicate glass (presence of sodium ions necessary for anodic bonding) and has the
advantage of having a good thermal compatibility with silicon which is critical to limit
the residual stress after key technological steps such as anodic bonding for which high

temperature is used (350°C). Indeed, borofloat glass and silicon have close thermal ex-
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pansion coefficient around this temperature. Moreover, glass benefits from a long-term
stability of its mechanical and optical properties which is necessary for MOEMS devices.
Fir these reasons, a glass support is aimed at being embedded in the actuated platform to

support the glass micromirrors.

The glass supports are structured as disks, covering each channel, to limit the mass of the
actuated platform (15% decrease). The diameter of the glass disk bonded to the silicon
is set to 2.1 mm. This ensures a bonding ring whose width is equal to 130 um. This
thickness takes into account the potential underetching due to the structuration of the
glass. The glass support thickness is set to 25 ym. This thickness is thin enough to avoid
a perturbation of the optical signal and to be light enough while being feasible from a
technological point of view. Finally, the underetching can be as large as 25 um if an

isotropic etching technique is used.

The micromirrors (400 um x 400 um) are centered on the glass disks.

(a) (b)
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Figure 3.7: Design 1: Integration of a glass membrane, (a) Top view of the silicon platform
and (b) Hexagonal honeycomb matrix parameters

The monolithic integration of a glass micro-component on an actuated silicon platform is
a technological challenge in term of microfabrication. Indeed, this design results in a high
topography surface MEMS because of the glass thickness. Then the basic steps used in
microfabrication, such as the photolithography process becomes complicated. This point
will be developed in Ch. 4. Moreover, whereas the glass is well compatible with silicon,
its release is a problem since active structures are usually released by HF vapor that also
etches the glass. To conclude, this design being highly challenging, a second design, more
compliant with the MEMS processes, is studied in parallel.
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3.2.3.2/ SECOND DESIGN : SILICON SPIDERS INTEGRATED TO SILICON ACTUATED
PLATFORM

The second design aims to realize a suitable vertical microscanner only based in silicon.
Macro Mirau objectives are usually based on reference mirrors suspended in the air by
thin arms. This solution can be easily implemented by creating silicon suspensions and a
silicon support for the micromirror. The proposed design is shown in Fig. 3.8. The overall
platform design is the same than the glass integrated design except for the micromirror

support.

Mirror suspensions

comb structure

Figure 3.8: 3D view of the platform with suspended micromirrors.

3.2.4/ THE SPRINGS

The springs are positioned around the silicon platform so that the stiffness in the x and y
directions are the same. The springs are designed to be stiff in the in-plane directions in
order to avoid in-plane parasitic movements but soft in the out-of-plane direction. For a

simple fixed-guided end beam !, the stiffness are given by:

3
k, = E% (3.14)
3
ky = Ehz‘; (3.15)
o= BT (3.16)

where E is the Young modulus of the material and w, 1, I are the dimensions of the beam

as described in Fig. 3.9.

1A fixed-guided end beam is a beam whose one end is fixed and the other end can only move in the plane
orthogonal to its length.
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Figure 3.9: Simple beam: (a) 3D view, (b) fixed-guided end beam condition.

From Eq. 3.14, it can be concluded that when the length increases, the stiffness in the z
direction decreases to the power of three. In our case, the actuation frequency is relatively
small (500 Hz), then low stiffness beams, i.e. long beams, are necessary according to the
formula f = % \/% Moreover, for miniaturization purposes, serpentine springs are
typically used to limit the area used by the springs, called the footprint. Hence, two

designs, shown in Fig. 3.10, will be considered in the simulations presented later.

(a) Spring 1

(b) Spring 2

W
- >
L

Figure 3.10: Two studied designs: (a) spring 1, (b) spring 2.
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3.2.5/ THE MICRO-ACTUATORS AND THE MICROSENSORS

According to the conclusions made in Ch. 2, vertical electrostatic comb drive technology
is chosen as the micro-actuation and the microsensing technique. The chosen design is
the one presented in [131] and described in Ch. 2. This design has many advantages
such as the relative easiness of fabrication and the compatibility of the technology with
differential position sensing function. Both the vertical actuators and sensors are based
on the electrostatic field created by vertical comb fingers. The design parameters to be

tuned in the electro-mechanical simulations are shown in Fig. 3.11.

Movable

Figure 3.11: Design parameters of the comb fingers shown in 3D.

In order to use the phase shifting algorithm, it is necessary to move the platform but
also to know the displacement amplitude of the micromirrors. Therefore, a capacitive
sensor is also integrated to the structure. It has two interests. Firstly, it enables to control
the position of the platform in case the platform is not parallel to the lens matrix and its
planarity must be adjusted by vertically moving the platform. Secondly, for the phase-
shifting control, it is important to know the amplitude of vibration of the platform. The
design of the sensing part is shown in more details in Fig. 3.12. All the movable fingers
are surrounded by fixed comb fingers. There are two configurations: one for which the
movable comb finger is smaller than the fixed ones (Configuration 1) and one for which
the movable comb fingers are higher than the fixed ones (Configuration 2). The sensing
is realized by measuring the differential capacitance (AC = C; — () as the platform
is vertically moving. With this differential configuration of sensing, the sensing part is
more sensitive than with only one configuration. Indeed, in Fig. 3.12 (b), it is shown that
when the platform moves upward, the parallel plate capacitance of C2 changes whereas
only fringing capacitance impacts on C1. When the platform moves downward, it is the
opposite. Then, with the two configurations, the parallel plate capacitance depends on
the platform movements in the two directions and the sensor is sensitive over a wider

range of movements.
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(a) (b)

S2 Capacitance Platform moving down

configuration 2
I C1 I C2

Platform moving up

S1 Capacitance
configuration 1

C1 C2
1ill .,

Figure 3.12: Comb finger configuration for the sensing parts: (a) fixed and moving parts
facing each other taking into account the two configuration of sensors (configuration C1
and configuration C2, (b) illustration of the movement of the platform and its conse-
quences on the movable fingers for C1 and C2.

Vertical movement of
the platform

Finally, the micro-actuators and the microsensors must be electrically isolated to use them
individually. The electric isolation is realized by creating trenches in the device layer of
the SOI wafer. The structure of SOI wafers, with a buried isolating layer, is adapted to

realize this kind of isolation.

One goal in miniaturized device design is to limit the footprint area of the systems. Here,
we take advantage of the already large silicon platform to position the electrostatic ver-
tical comb fingers on the border of the silicon platform for the actuation and the sensing
function. Moreover, the comb fingers are placed symmetrically around the platform in

order to symmetrically actuate and sense the platform displacements (Fig. 3.13).

Figure 3.13: Position of the differential microsensors (S; and S;) and the micro-actuators
(Act.) around the platform.

According to the design of the platform, the springs, the micro-actuators and the mi-

crosensors described before, the obtained final configurations corresponding to the two
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platform designs are presented in Fig. 3.14 and Fig. 3.15.

o‘.
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Figure 3.14: Design 1: Integration of a glass membrane, top view (top) and cross-section
view (bottom) of the microscanner with integrated glass support for the micromirrors.
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Figure 3.15: Design 2: Integration of suspension for the micromirror, (a) schematic and
(b) 3D view.

The next section reports the simulation of the different parts necessary to optimize the

design parameters.
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3.3/ SIMULATIONS OF THE VERTICAL MICROSCANNER

In this section, the simulations relative to the design presented before are detailed. For
each simulation, the model, including the materials and the boundary conditions used,
is detailed.

3.3.1/ MECHANICAL STUDY OF THE VERTICAL MICROSCANNER
3.3.1.1/ SILICON: MEMS BASIC MATERIAL

The vertical microscanner presented in this thesis is based on silicon electrostatic comb
drive actuation and sensing. This technology has been chosen for its good compatibility
with MEMS as silicon is also a basic material for mechanical systems. More details about

silicon wafer fabrication and properties are given in Annexe B.

When designing a vertical microscanner, the vertical dimensions are critical. In particu-
lar, the spring vertical stiffness has an impact on the resonant frequency corresponding to
the piston mode. Moreover, for a simple beam Eq. 3.14 shows that k, highly depends on
the length and on the thickness of the beam. On the one hand, the length is an in-plane
dimension that is mainly controlled by photolithography process during the fabrication.
This process is very precise and resolution down to £ 1 um can be obtained. On the
other hand, the vertical dimensions, such as the spring and the platform thicknesses, are
difficult to control with microfabrication techniques. One solution, widely employed,
is to use a silicon on insulator wafer (SOI). This type of wafer is a stack composed of
one thick silicon handle layer (300-500 pm), an insulating layer usually a silicon dioxide
layer, called buried oxide layer (BOX) (1-5 um), and on top a thinner silicon device
layer (10-50 um). The advantage of SOI wafers is that layers thicknesses are really well
controlled during the fabrication process which enables the fabrication of devices close
to the designed ones. In our case, SOI is also very useful to isolate the micro-actuators
and the microsensors between each other. Indeed, if trenches are created in the device
layer then the different parts are only connected mechanically by the handle layer and
the BOX but are isolated electrically.

For the microfabrication, (100) SOI wafer were purchased to fabricate the vertical mi-
croscanner since they are the more common and are compatible with our design. Then,
when considered as an isotropic material, the silicon Young’s modulus is chosen equal
to Ey, = 170 GPa [146]. Moreover, the value of the Poisson’s ratio, which reflects the

capacity of the material to experience shear deformation, is chosen to be equal to 0.64.
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According to simulations results, these values give results close to the anisotropic model
results. Moreover, the SOI wafer parameters chosen are 500 um for the handle layer, 1.5
um for the BOX and 40 um for the device layer. These parameters are standard so that
the wafers can be easily purchased. The SOI wafer have been ordered to the company
Ultrasil with the specifications given in Tab. 3.2. The cost of 25 wafers is in the order of
$200.

Table 3.2: Parameters of the SOI wafer used, in this thesis, for the fabrication of the verti-
cal microscanner. TTV stands for total thickness variation.

Parameter Value
Diameter 100 4= 2 mm
Orientation (100) £ 0.5 deg
Type of Dopant P (Boron)
Device layer thickness 40 £ 0.5 um
Handle layer thickness 500 £ 5 um
Resistivity < 0.02 Ohm/cm
TTV <2um

Edge exclusion <3 mm
Finish Double side polished

3.3.1.2/ THE PLATFORM

The function of the platform is to provide a rigid actuated support for the micromirrors.
A honeycomb structure is chosen for its good trade-off between mass and stiffness, pre-
venting the possible vertical deformation of the platform. Parameter dj,,, and Iy, play a
role on the mass and the stiffness (Fig. 3.7). The larger the width dj,,, and the shorter the
length lj,.y,, the stiffer and the heavier the platform. The worst case in term of stiffness,
i.e. when djy, is small and [}y, is large, is studied. Then in the following simulations, d=
20 ym and 1 = 80 um. First, the integrated glass membrane design is modelled. A finite
element model (FEM) analysis software, called Intellisuite, is used. The model, used to
simulate the deformation of the structured silicon platform, is as close as possible to the
real structure. The end of each spring is defined as fixed and the rest of the model is
free. The material is isotropic silicon except for the glass that is defined as borofloat glass.
Since the actuated platform is formed in the device layer of a SOI wafer, the thickness
of the platform corresponds to the device layer thickness, i.e. 40 ym. In term of fabrica-

tion, different solutions are possible: either the BOX is removed completely or the BOX is
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let under the actuated platform. In the latter case, a deformation of the platform can be
expected due to the different mechanical properties of the BOX layer and of the silicon
layer. The BOX is commonly fabricated by high quality thermal oxidation which requires
high temperature. However, silicon and silicon dioxide have different thermal expansion
coefficients, which generates a stress gradient and then a deformation. The vertical de-
formation linked to the stress gradient is investigated thanks to a static analysis. In this
simulation the gravity is not taken into account. Two simulations have been done. The
first one takes into account the glass disks while the second one does not. The results
show that the static vertical deformation due to the BOX generates too much deforma-
tion for the suspended system (Fig. 3.16). Indeed, 27 um of vertical displacement is much
larger than the axial resolution of the optical system (equal to few ums). Then the BOX

needs to be removed during the fabrication processes.

(a) (b)

74-Z,=27 um

Figure 3.16: Vertical deformation of the actuated platform due to the BOX: (a) with glass
disk, (b) without glass disks.

A second static simulation is used to investigate the deformation of the structured silicon
platform linked to its own weight. Fig. 3.17 shows the obtained vertical deformation
of the platform accross the platform. The vertical offset between a micromirror near the
border and a micromirror in the center of the platform is equal to 54 nm. This value is
much smaller than the axial resolution of the system, then this vertical deformation can

be neglected.
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Z, 71-Z,=54 nm

Figure 3.17: Integrated glass platform design: vertical deformation of the membrane un-
der its own weight. The maximal deformation between two micromirrors is 54 nm.

A similar analysis is used to simulate the static deformation of the second platform design
with suspended micromirrors. However, direct modelling of such complicated structure,
containing the honeycomb structuration with small dimensions with respect to the plat-
form, is problematic due to a very heavy mesh. Therefore, a simpler model, with nine 700
um x 700 um square holes replacing the hexagonal array, is used. The square dimensions
result in the same surface than the hexagonal array so that the mass remains unchanged.
This model is implemented with the suspended micromirror design. An analysis of the
static vertical deformation of the platform under its own weight is performed with Com-
sol. Another model without any structuration of the platform is also used to compare the
two limit cases in term of structuration. For the suspended micromirror design, the maxi-
mum vertical deformation equals 140 nm which is much smaller than the axial resolution
of the system that is 6 um (Fig. 3.18). Then, this static deformation has no impact on the
imaging system. Moreover, optical simulations, made with Zemax, were done taking into
account a tilt tolerance between the optical surface of 0.05 degree [147]. The angle, created
by the vertical displacement simulated here, corresponds to a maximum micromirror an-
gle of 0.002 degree, which is below the optical tolerance specification. Finally, the results
show that the difference of vertical deformation between the two models is negligible.
Then the model with square holes replacing the hexagonal array will be used in the fol-

lowing simulations.
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Figure 3.18: Impact of structuration of the suspended platform on its vertical static defor-
mation (diagonal direction). Two simulations are performed to analyse two limit cases
in terms of structuration: one without any structuration of the platform and one with
nine 700 um x 700 pm square holes centered between the optical apertures. These two
simulations represent two limit cases in term of structuration.

The parameters of the hexagonal array are chosen arbitrarily knowing that the worst
case scenario studied before gives an acceptable static deformation. The parameters are
chosen to be dj,,, = 30 pm and lj,.5, = 30 um. The mass of the platform for the integrated
glass design is 4.96.107° kg (i.e. 5 mg) and the one of the suspended micromirror design
is 2.46.107° kg (i.e. 2.5 mg).

Note that the vertical displacement of the platform due to gravity is a function of its
weight and the spring stiffness. In fact as z = é = ",:—f, the vertical displacement is a
function of the ratio % which is defined by the targeted resonance frequency according
to the relation f = ;L \/Ifn: . Thus, the vertical displacement corresponding to a resonant
frequency of 500 Hz is 1 ym. This vertical displacement must be taken into account in the

simulation of the micro-actuator as an initial vertical offset between the comb fingers.

3.3.1.3/ THE SPRINGS

Von Mises stress In order to avoid in-plane parasitic movement of the actuated plat-
form, spring suspensions have been designed to be stiff along the in-plane directions.

Folded springs are suited for this kind of requirements. Moreover, they benefit from a
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small footprint (Fig. 3.10). However, folded springs have the disadvantage to undergo
more internal stress than straight beams. In order to check if a design can survive a spe-
cific load, the Von Mises yield criterion is usually used. Under a specific load, a ductile
material experiences some deformation leading to normal and shear stresses. Von Mises
stress, also called equivalent tensile stress, is a figure that takes into account both types of
stresses and that can be compared to the yield strength of the material. The yield strength
defines the maximal stress that a material can experience before starting to deform plasti-
cally. If the Von Mises stress is higher than the yield strength, then the material will start

yielding. Von Mises stress is defined as follows:

1 2
0’5 = E |:(0—11 _ 0-22)2 + (0’22 - 0'33)2 + (0’33 - 0'11)2 + 6 (0'223 + 0321 + 0'122) ] (3.17)
with 0, the Von Mises stress, and ¢j; the stress in the ij direction where i and j stand for

x,y and z.

The Von Mises stress can be simulated with FEM simulations using Comsol software. A
simulation has been performed to evaluate the stress for the two spring designs. Four
springs are attached around a 3x3 mm? square platform. The material is defined as
isotropic silicon. The free-end of each spring has a fixed boundary condition. A verti-
cal force is applied on the platform leading to a vertical displacement of the platform and
a vertical deformation of the springs. The mesh is refined in the area of interest, i.e. where
the maximal stress occurs. This corresponds to the edge of the folded spring and to both
ends of the springs. Fig. 3.19 shows the Von Mises stress in the structure, corresponding
to a vertical displacement of 40 um, which is much higher than the targeted displacement
for our device (around 500 nm). It results that the maximal Von Mises stress obtained
for the two spring designs is equal and much smaller than the yield strength of silicon.
However, for the spring design 2, there is an additional area where stress is high, due to

one more fold in the spring.

N
1

Figure 3.19: Von Mises stress in the folded springs simulated with Comsol.
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Stiffness-Theory The vertical stiffness is set by the targeted resonant frequency (500 Hz
+ 50 Hz, given by the specification of the system) and the mass of the platform according

2m
thickness (40 ym £ 0.5 um), the resonant frequency error is = 10 Hz. Then, with the

to the formula f = - \/% . Note that, taking into account the error on the device layer

masses estimated before, the targeted vertical stiffness for the design 1 is 12.3 N/m and
for the design 2 is 6.1 N/m. The springs are placed around the platform so that the in-
plane total stiffness is the same in x and y directions. Both analytical theory and Finite
Element analysis are presented. Stiffness values can be derived using the energy method.
This method is well detailed in [148] and is based on Castigliano’s second theorem. To use
this method, the serpentine spring is decomposed in 4 straight beams that are analysed

in term of moment and torsion (Fig. 3.20). The spring design 1 is used to illustrate the

methodology.
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Figure 3.20: Spring: (a) spring design 1, (b) dividing into 4 straight beam for the energy
method stiffness calculations.

The total strain energy of the linearly elastic structure is calculated as follows:

<Z/l Mzd +Z/ o ) (3.18)

where [; is the length of beam;, M; is the Moment of beam;, T; is the Torsion of beam;, I;
is the Moment of Inertia of beam;, |; is the Torsion constant of beam; and G and E are

respectively the shear modulus and the Young modulus of the material.

oo .
For a rectangle cross-section, I = %L and | = Zw’t( 17%" Y %tunh(%))

i=1,iodd
[148].
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The moment and the torsion of each beam, created by My, Tp and F, are defined as

follows:

M; = My — Ese T =T

M, =Ty + F,e = Tp + Fze T, = M1(l1) = Mo — F.4
Ms=To—Fe=My—FE(h+¢€) Ts=M(b) =T+Eb
My=T3—Fe=FEx(lhb—€)+Ty Ti= Ms(l3) =M+ F.(lh +13)

(3.19) (3.20)
With the conditions:
ou ou ou
TM) —0,87,1_,0 —Oandan =0z
(3.21)

andly = I3 = a,l, = band Iy = ¢, one obtains:

_E_ 12EGIJ(2Ela+ GJ(b+ ¢))(EI(b + ¢) 4+ 2GJa)
k=5 = S (3.22)

SUM = 12E31%a*b(2ac + b* + bc)
+4E2GI?Ja (4a°b + 16a°c + 6a°b* + 3ab*c + 3abc* + 2b* + 5b%c — bc® + 2¢%)
+ EG?IJ*  (32a° + 8a°b* + 40a°bc + 32a°c* + 16a*b® + 24a’b*c — 24a”bc?
4 16a2c® + b° + 5b*c — 2b3c* — 2b%c3 + 5bct + ¢°)
+2G3Pa (8a%b + 8a’c + b* + 4bPc — 6b7c? + 4bc® 4 ¢*)) (3.23)

A code in Python has been written to facilitate the calculation. Note that the choice of a, b
and ¢, i.e. the way how the folded spring is cut into 4 beams matters. There is no specific
indications in the literature on how to choose these dimensions. One way is to consider
the neutral fiber of the folded spring. However, it does not correspond well to the fact
that the energy of each small beams is calculated. There are two other ways to cut the

folded spring, while having I; = I3 = a, as shown in the Fig. 3.21.

However, it can be found that solution 2 presented in Fig. 3.21 (b) gives results close to
the simulation for lateral stiffness calculations whereas Fig. 3.21 (a) gives results close to
the simulation for vertical stiffness calculation. Then, a solution taking into account the

two different dividing ways is chosen.

This method is also used to calculate the lateral stiffness of spring design 1 and for all
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(a) Solution 1 (b) Solution 2

C C

Figure 3.21: Dividing the folded spring into straight beams: (a) solution 1, (b) solution 2.

stiffness of spring design 2 (see Annexe C).

According to this formalism, length, width and thickness parameters have been deter-
mined and summarized in the Tab.3.3 and 3.4. The parameters, given in the Tab. 3.3 and
3.4, are dimensions corresponding to Solution 1 for dividing the springs into fours beams

as shown in Fig. 3.21 (a).

Stiffness-Simulation Finite Element Model (FEM) simulation is also used to calculate
the spring stiffness. A simple model of a 3 mm x 3 mm square platform is used for the
mass (Fig. 3.10). A stationary study is performed and the boundary conditions are the
following one: fixed for the spring ends, free for the rest. A force is applied sequentially
in the x, y and z directions, and the displacement of the platform is simulated. According
to the formula F; = k;i, where i is the displacement, k; are the stiffnesses and F; are the
applied forces in the directions x, y or z, the stiffness in each direction is retrieved. Sim-
ulations were done successively with an isotropic and an anisotropic model as defined
previously in Sec. 3.3.1.1. As explained previously, the orientation of the mechanical de-
sign with respect to the crystallographic orientation is of great importance. When using
Comsol software, the x and y directions correspond to the x and y directions of a (100)
wafer rotated by 45°. Thus, in order to match the crystallographic orientation of the de-
sign and the one of the model, the model has to be rotated by 45 ° in the Comsol interface.

The obtained stiffnesses are summarized in Tab. 3.3 and 3.4.

A second simulation was done in order to investigate the mode shapes of the platform,
using the Eigenfrequency study. The model is a simplified model of the design with sus-
pended mirrors and square holes concerning the structuration of the actuated platform.
The mode shapes of the actuated platform are simulated to confirm stiffness calculations
(Fig. 3.22). The modes are of the same type for the two designs of platform and for the
two designs of springs. For the suspended spring platform design with the spring design
1, the first mode is confirmed to be the piston mode at 487 Hz, whereas the second mode

and third mode are torsion modes at 731 Hz. Finally, for the spring design 2, the first
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mode is confirmed to be the piston mode at 494 Hz, whereas the second mode and third

mode are torsion modes at 738 Hz.

Mode 1 Mode 2 Mode 3

Figure 3.22: Simulation of the three first natural modes of the vertical microscanner with
suspended micromirrors.

The spring parameters have been optimized to obtain a resonant frequency around 500
Hz for the two designs. The three different ways to calculate the stiffness constants are in

good agreement and all the results are summarized in Tab. 3.3 and 3.4.

An important precision is that, for the suspended micromirrors design, the spring-mass
systems created by the 16 micromirrors-suspensions systems have a very high resonant
frequency. Indeed, the stiffness of the three suspensions is high and the mass of the
micromirrors is relatively small. Then, when the platform is actuated at 500 Hz, these 16

spring-mass systems are not excited.
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Table 3.3: Platform with suspended micromirrors: Parameters of the spring design 1 and
2. The simulated values correspond to the isotropic (anisotropic) values.

Symbol | Description Spring design 1 Spring design 2
w Beam width 27 ym 27.5 uym
t Beam thickness 40 um 40 pum
Iy =a | Beam 1 length 90 um 115 um
I =b | Beam 2 length 2590 um 2550 um
I3 =a | Beam 3 length 90 um 90 um
Iy =c | Beam 4 length 2800 um 2550 um
Is =b | Beam 5 length - 90 um
L Bending moment of inertia | 1.44.10~m* 1.47.10"Ym*
Ly Bending moment of inertia | 6.561.10~2%m* 6.56.10~ 20
] Torsion constant 1.53.109m* 1.60.10~ ¥m*
ky Lateral stiffness in x
Calculated 31N/m 3.6 N/m
Simulated 32N/m 3.7N/m
(3.2N/m) (3.7 N/m)
ky Lateral stiffness in y
Calculated 5255 N/m 388.6 N/m
Simulated 550.1 N/m 376.8 N/m
(545.2 N/m) (371.8 N/m)
k; Out-of-plane stiffness
Calculated 6.1 N/m 6.1 N/m
Simulated 6.2N/m 6.5 N/m
(6.2N/m) (6.4 N/m)
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Table 3.4: Platform with integrated glass : Parameters of the spring design 1 and 2. The
simulated values correspond to the isotropic (anisotropic) values.

Symbol | Description Spring design 1 Spring design 2
w Beam width 50 um 50 pm
t Beam thickness 40 um 40 um
Iy =a | Beam 1 length 90 um 100 pm
I =b | Beam 2 length 2590 um 2635 um
I3 =a | Beam 3 length 90 um 100 um
Iy = c | Beam 4 length 2800 um 2635 um
Is =b | Beam 5 length - 100 um
L Bending moment of inertia | 4.17.1071Y m* 2.7.1071 m*
Ly Bending moment of inertia | 6.561.1072° m* 421072 m*
] Torsion constant 2.18.107 Y m* 5.6.107 1 m*
ky Lateral stiffness in x
Calculated 202 N/m 21.1N/m
Simulated 20.1 N/m 21.1N/m
(19.8 N/m) (20.8 N/m)
ky Lateral stiffness in y
Calculated 2.4.10* N/m 22.10* N/m
Simulated 2.3.10°* N/m 2.0.10* N/m
(2.5.10° N/m) (1.9.10° N/m)
k; Out-of-plane stiffness
Calculated 12.3N/m 123 N/m
Simulated 123 N/m 129 N/m
(121 N/m) (12.7 N/m)
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3.3.2/ ELECTROSTATIC STUDY OF VERTICAL COMB-DRIVE PRINCIPLE

Actuating and sensing are the core functions of the device. In order to use a phase shift-
ing algorithm, it is necessary to know the displacement amplitude of the micromirrors.
Therefore, a capacitive sensor is also integrated to the structure. Both vertical actuators
and sensors are based on the electrostatic field created by vertical comb fingers (Fig. 3.23).
This technology has been widely used due to its relative easiness of implementation in
silicon-based MEMS [131, 133, 134]. Indeed, the combination of SOI substrates and Deep
Reactive Ion Etching (DRIE) allows fabrication of both the micromechanical structures as

well as the electrostatic actuators and sensors.

(a) (b) Configuration 1

= Fixed z z
Movable I I I ‘I
ZMF
) 0- 0
z

c) Configuration 2
Lﬁ%’\/m R CIE L |

Figure 3.23: Asymmetrical comb finger design : (a) Dimensions of one pair of fingers, (b)
Configuration 1, (c) Configuration 2. zr is the vertical position of the moving finger and
is simply noted z in the following.

—~

The comb fingers are also formed in the device layer. Then, the height of the higher
fingers is set to 40 um and to 20 um for the smaller ones. The gap between the finger is
set to 5 um. These are typical values found in the literature that are in agreement with the

feasibility of microfabrication processes.

3.3.2.1/ ACTUATION

The vertical electrostatic force is created by a change of capacitance in the vertical direc-
tion. This is possible when a vertical asymmetry exists in the design of the comb fingers
(Fig. 3.23, (b)). If parallel plate capacitances are used to create lateral electrostatic ac-
tuator, the fringing capacitances are here responsible for the actuation. The electrostatic
force, between two opposite fingers, is proportional to the derivative of the capacitance

between these fingers according to the following relationship:

10C
= - ——y2
2 0z

where C is the capacitance and V is the potential between the two fingers.

E, (3.24)
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3.3.2.2/ SENSING

The sensing function is created by differential capacitance sensing. It has been shown
that the design of two specific types of comb fingers provide a linear detection (Fig.
3.23) [131]. When the movable finger moves up, the capacitance mainly changes for
the Configuration 2 (Fig. 3.23, (c)) whereas if the movable finger moves down then the
capacitance mainly changes for the Configuration 1 (Fig. 3.23, (b)). This method is used
to design the four differential sensors, each composed of one set of fingers with the
Configuration 1 and another with Configuration 2, that are placed around the movable

platform as shown in Fig. 3.13.

3.3.2.3/ ANALYTICAL CALCULATIONS

From the state of the art presented in Sec. 2.2.1.1, it is possible to calculate the fringing

capacitance with [111]:

10C 2 _ eNL 2
Egv — Pel —fl(g,ts,tf,Z) X T X V
oC Fel eNL
e = 2W = f1(g, ts, t,z) X ' (3.25)

with all the parameters as defined in Sec. 2.2.1.1. A code in Python has been developed

to make these calculations.

It results that the derivative of the capacitance at z=0 um is equal to 0.34 fF/um, with
z as shown in Fig. 3.23. However, it must be pointed out that when the microscanner
is turned upside down, there is a vertical shift of the actuated platform due to its own
weight equal to approximately 1 ym. Around z=1 um, the derivative of the capacitance

is lower and equal to 0.23 fF/pum.

3.3.2.4/ SIMULATIONS

Simulations of the capacitance have been performed with 2D FEM simulation using Com-
sol and with 3D FEM simulation using Intellisuite to study both the actuation and the
sensing functions since they are based on the same physical phenomena. Indeed, both
functions are based on changes in capacitance, i.e. changes of the electrostatic field. A
model composed of one central movable finger facing two fixed fingers is used for both

2D and 3D simulations and is called a pair of comb fingers. First, the electrostatic field
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is studied thanks to FEM analysis with the software Comsol. The 2D model represents
the cross section of the 3 fingers presented in Fig. 3.23 (b). The surrounding medium is
defined by a box as air. The central finger potential is set to 0 V whereas the potential of
the surrounding fingers is set to 15 V. The material of the finger is defined as isotropic sil-
icon. A parametric study is realized where the vertical position of the central finger is the
parameter to be tuned. The result of the simulation is shown in Fig. 3.24 for two vertical
positions: (a) the bottom of central finger is at the same vertical position that the bottom
of surrounding finger, i.e. z=0 um and (b) the bottom of central finger is 5 ym higher than
the bottom of surrounding finger, i.e. z=5 um. The equipotential lines are plotted. It is

clear that there is a change in the distribution of the electric potential lines and thus in the

capacitances.
(@) z=0pm (b) z=5pm
Z, Contour: Electric potential (V) Contour: Electric potential (V)
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Figure 3.24: Electrostatic simulation results-equipotential lines: (a) z=0 um and (b) z=5
um. The comb fingers shown with a black contour correspond to the comb fingers at
their last position in the parametric study, i.e. z=10 pum.

From this simulation, it is possible to derive the total electric energy by integrating the
energy density over the surface considered in the model. Finally, the capacitance is cal-

culated according to the formula:

1
E= ECVZ (3.26)

where E is the total energy, C is the capacitance and V is the potential between the two
fingers. The 3D capacitance is then calculated by neglecting the effect at the end of the
comb fingers which results in multiplying the 2D capacitance by the overlapping length
of the comb fingers (Lyyeriap)- The length of the finger is chosen to be 200 ym with an over-
lapping length of 190 um. Fig. 3.25 shows the total electric energy and the capacitance as

a function of the vertical position of the central comb finger. By linear fitting, it is found
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that at z = 0 um, the derivative of the capacitance is equal to 0.3 fF/pum. At 1 ym (vertical
offset when the microscanner is turned upside down), the derivative of the capacitance is
equal to 0.27 fF/um. On the contrary, if the microscanner is turned upside up, the deriva-
tive of the capacitance is equal to 0.33 fF/um. This initial derivative of the capacitance
is especially important for the actuation as the initial actuation force is proportional to
this value. However, since the microscanner is designed to be used at resonance, the final

amplitude of the vibration is also linked to the quality factor of the system.
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Figure 3.25: Calculated total electric energy for a couple of comb finger in 2D with Comsol
and calculation of the capacitance as a function of the vertical position of the central
comb finger. The fitting of the capacitance curve gives a fitting equation equal to f(z) =
—0.2672% + 0.3032z + 20.31

For the sensing function, the second configuration of comb fingers that enables the use
of differential sensing is also modelled and its capacitance change must be simulated.
A 3D model with a fine mesh is used to obtain finer results for both configurations.
For this purpose, the Thermo-Electro-Mechanical module of Comsol was used. A
MacroModelExtraction/Capacitance vs. displacement analysis and a Static/Electro
Thermo Relaxation analysis are chosen to process the capacitance change and the static
displacement of the platform as a function of an applied voltage between fixed and
moving parts. Figure 3.27 shows the capacitance change for each of comb finger configu-
rations with one single movable finger versus the platform displacement as well as their
differential capacitance. The fitting of the capacitance in the Configuration 1 (same than
with the 2D model) gives a fitting curve equation equal to : 0.0241x? + 0.2809x + 21.71.
This results is really close to the one obtained in 2D and validates the first calculations.
The small difference can be easily explained from the fact that the 2D model neglects the
effect at the end of the comb fingers to calculate the 3D capacitance and that the mesh is
not the same in the two simulations. Note that the mesh is really important in these kind
of simulations where small changes are calculated. The mesh is presented in Fig. 3.26.

The mesh size is especially fine on the bottom and the top of the comb fingers that are
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the most important for the calculation of the fringing capacitance.

Figure 3.26: Refined mesh of the comb finger model with Intellisuite: (a) 3D view of the
top, (b) 3D view of the bottom. The mesh is mainly refined at the bottom and top of the
comb fingers.

On the one hand, linear fitting of the differential curve (C; — C;) allows to determine the
sensitivity of one couple of fingers 0.64 fF/um. The number of couple of comb fingers
is set to 34 for each sensors. Then, the sensitivity of a differential sensor is 22 fF/um.
The same simulation has been performed for a gap equal to 4 um and a sensitivity of 0.81
fF/um, corresponding to a total sensitivity of 27 fF/um for one differential sensor, has
been obtained. It is worth to note that the differential capacitance in the range of some
fF has to be measured to sense the displacement amplitude whose value is used for the
implementation of the PSI.

On the other hand, the static displacement of the platform as a function of the applied
voltage was simulated, based on a capacitance change simulation. Figure 3.28 shows
the static vertical displacement obtained for a number of movable comb fingers, i.e. the
number of couples of comb fingers, equal to 400. This number of comb fingers leads to a
static displacement of the platform whose amplitude is high enough for our application.
Indeed, the vertical microscanner is designed to work at resonance which implies that
the quality factor will lead to higher displacements. However, if the quality factor of the

microscanner were not high or it would be necessary to work in static, it is also possible.

The results of the capacitive simulation are coherent with the literature results
(Sensitivity=0.66 fF/um and 0.68 fF/um respectively in [133] and in [134] for sim-

ilar parameters and technology).
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Figure 3.27: Capacitance versus displacement of Configuration 1 and Configuration 2 and
differential capacitance for one movable finger facing two fixed fingers. Linear fitting of
the differential capacitance gives a sensitivity of 0.64 fF/um.
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Figure 3.28: Static vertical displacement simulated with Intellisuite for N;,¢.r = 400

The design parameters of the vertical microscanner are summarized in Tab. 3.5.
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Table 3.5: Design parameter of the vertical microscanner.

Symbol Description Value
SOI wafer
Orientation (100)
taevice—1ayer | Device layer thickness 40 um
thandie—1ayer | Handle layer thickness 500 um
tpox BOX layer thickness 1.5 ym
Platform
Loptatform Platform side length 8000 pum
Dgass Glass disks diameter 2100 pm
tolass Glass disks thickness 25 um
Dioles Holes diameter (optical aperture) 1840 um
Lyirror Micromirror side length 2100 um
Apera Distance between two hexagons 30 um
lhexa Hexagon side length 30 um
Comb drive
Linger Finger length 200 um
Lovertap Finger overlap 190 um
d Gap 5 um
t Finger thickness 40 um
w Finger width 10 um
Nactuator Total movable finger number 400
Nisensor Total movable finger number per sensor type 136
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3.3.3/ IMPACT OF SPIDER LEGS ON THE OPTICAL QUALITY

The difference between the two platform designs is not only mechanical but also optical.
The suspensions used to held the micromirrors are a source of obscuration and diffraction
(Fig. 3.29). The relation between the design of the suspensions, referred to as spider legs,

and the optical quality of the system is investigated. These results are presented in [149].

dlenS=1.9 mm, NA=0.12

Microlens > “ 1

dlens-mirror = 500 pm
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micro-mirror

N/
S VAV

Sample
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>

Figure 3.29: Mirau interferometer schematic (only one ray is represented).

In astronomical instruments, the diffraction due to the secondary mirror spider legs is
well known. In the past, scientists have studied the impact of the central obscuration
due to the mirror and the thickness of the spider legs [142, 141]. It has been shown that
curved spiders enable the reduction of the diffraction spikes. The authors explained that
the full width at half maximum (FWHM) of the point spread function (PSF), which is a
commonly used image quality criteria, is only slightly increased by the presence of spider
legs. Finally, the impact of the curvature of the spider legs has been only highlighted by
strongly saturated experimental images (Fig. 3.30). Richter [142] showed that curved spi-
ders do not generate diffraction spikes but increase the background brightness by about

half a magnitude when compared to straight spiders.

Here, we study how the radius of curvature (RoC) of the suspensions, combined with
their number and their thickness, affects the lateral resolution of the system, using
the PSF and the Modulation Transfer Function (MTF). In particular, we show how
the symmetry of the 2D MTF depends on the RoC over a large range of values. The
symmetry of the MTF is important because it ensures an isotropic resolution in the image

plane.



3.3. SIMULATIONS OF THE VERTICAL MICROSCANNER 109

(a) (b)
-14 T T .
o ~<

© a4
c
o /
g \\ /]

e \ /
? v !
- B I v/
L e HE
Z —— ~. ]
[+0]

1 1
1000 1100 1200 1300

X - Reduced Radial Coordinate

Figure 3.30: (a) Brightness analysis with far-field diffraction envelopes and (b) diffraction
photographs for different spider configurations [142].

3.3.3.1/ IMAGE CRITERIA

The mirror, which is the main source of diffraction, creates an obscuration ratio of 0.2. It
corresponds to typical ratio studied in the literature [142, 141]. It has been checked that
the square shape of the mirror does not influence the study in terms of trend. The square
shape of the mirror is linked to the use of in-plane stitching, for the reconstruction of a
2D image. The Fresnel diffraction is investigated using Fourier Optics, i.e. by calculating

the PSF and the MTF of the pupil with Fourier transforms:

APSF = F(P(x,y)) (3.27)
where P is the Pupil function

and APSF is the Amplitude of the PSF

PSF = |APSF|? (3.28)
MTF = |OTE(P)| (3.29)
where OTF = mathcal F~'(PSF) (3.30)

and F ! is the inverse Fourier Transform

The PSF describes the impulse response of the optical system to a point source. The MTF
represents the contrast transfer of an optical system as a function of the imaged object
frequencies.

Although the mirror is not in the lens plane, it has been demonstrated that in the paraxial

approximation, when a mask is placed after the lens, the Fourier transform can be used
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to calculate the intensity in the focal plane [150]. Here, the resolution of the system is de-
fined by the Rayleigh criterion that states that the resolution corresponds to the distance
for which the maximum of an Airy disk coincides with the first minimum of the other
Airy. Following this definition, we can calculate that the resolution is equal to the critical
size for which the contrast in an image is equal to 26.4 % [151]. Then, MTF is analyzed
in terms of the Rayleigh frequency (fr), which is particularly interesting in our case since

we need to image small features.

The pupil function describes the mirror plane, including the mirror, the spider legs and
the pupil aperture (Fig. 3.31). Here we study the impact of the thickness parameter €, the
RoC parameter B and its corresponding angle of curvature « and the number of spider N

defined as follows: Tgyiger = € X Dpypis, RoOC = B X Dpypi /2.

.E}

B=50%, £=2.5% 260%, £=2.5%
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Figure 3.31: Schematic of the pupil including the reference mirror suspended by 3 spider
legs and their parameter relationship.

In [142, 141], the benefit of curved spiders has been shown with long exposure pho-
tographs that enable to see diffraction spikes being invisible with short exposure times.
Figure 3.32 shows the PSF of pupil functions plotted with different scales. We can see
diffraction spikes, as in [142, 141], in the binary plot only if intensities below 0.01 % of the
peak intensity value are put to 0 and the ones above are put to 1 (Fig. 3.32,(b)). However,
diffraction spikes cannot be seen when the threshold is increased to 1 % or in the greyscale
plot (Fig. 3.32, (c),(d)). In fact, the intensity of the diffracted light is small compared to
the main intensity peak. Therefore, its dependence on the geometry of the spider cannot
be seen, unless the main peak is strongly saturated. Then, criteria based on the PSF are
difficult to analyze in order to show a dependence to the spiders geometry. Instead, the
spider legs create an asymmetry in the MTF function which varies depending on the pa-
rameters. As shown in Fig. 3.33, where limit cases in terms of RoC and number of spider
are plotted, fr is not constant in the 2D plane. It implies that the resolution will not be

the same in all the directions of the plane. The mean and the relative standard deviation
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values of the fr, fr mean and fr rstd respectively, are studied as a function of the three
parameters. The aim is to maximize fg mean and minimize fg rstd. The lower fg rstd is,
the better the symmetry of the MTF is. The fr mean decreases with the increase of the
three parameters and is mainly affected by the thickness of the spider legs and the num-
ber of spiders, i.e. the covered area. In the case free of spider legs, fr = 0.63 (normalized
to the cut-off frequency). The cut-off frequency is chosen to be the frequency for which

the contrast is equal to zero.

1.@a) 1.(b)
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Figure 3.32: Comparison between almost straight spiders (1) and highly curved spider
(2). (a) Pupil function, (b) PSF as a binary image (Threshold = 0.01 % of the normalized
PSF), (c) x4 Zoom on the PSF as a binary image (Threshold = 0.1 % of Max(PSF)), (d) x4
Zoom on the PSF as a greyscale image.
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Figure 3.33: Pupil function and its corresponding MTF for € = 7.5 %, (a) and (e) N = 0, (b)
and (f) f=05and N =1, (c)and (g) =0.5and N =6, (d) and (h) p =2.6 and N = 6). MTF
contour lines correspond to 0.264 contrast.

Contrast
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3.3.3.2/ STUDY OF THE IMPACT OF SPIDER LEGS ON THE MTF

In Fig. 3.34, the thickness is set to € = 7.5 % and we can see that fr rstd highly depends on
the number of spiders. Note that for N =0, fr rstd = 0 (up to the numerical error), i.e. the
MTF is axially symmetric. In the case of 4 spiders, fr rstd is multiplied by 5 compared to
the one in the 3 spiders case. Moreover, if fr mean and fr rstd do not vary significantly as
a function of B, it is shown that N = 3 is the only case for which curved spiders provide
a higher and more isotropic resolution than straight legs (down to fg rstd = 5.6 x 1073).
Indeed, for N =3 and € =7.5 %, an optimum RoC exists around p = 75 %. Furthermore, N

= 3 is the best configuration in terms of the resolution symmetry and value, for any RoC.

0.64 : : ; —N
[0y S ————————SS N=1]-

frmean

frrelative std

150
RoC parameter f (%)

Figure 3.34: Study of the variation of the Rayleigh frequency as a function of N and B (e
= 7.5 %). The frequencies are normalized to the cut-off frequency.

Figure 3.35, where B is set to 75 %, shows that for thickness parameters below 3 % the
number of spider has a small impact. N = 3 is again a specific case, for which fr rstd is
the lowest and constant for thickness up to € = 7.5 %. Moreover, for 5 spiders and large
widths, the symmetry of the MTF is good but fr mean is in this case highly decreased. In
general, small thickness should be preferred. Finally, Fig. 3.36 shows that the optimum
RoC depends on the thickness parameter. When € tends to zero, the optimal RoC tends
to a B parameter corresponding to an angle of curvature of 120°. In [142], the concept
of searchlight is introduced to understand the diffraction created by the curved spiders.
Following this concept, it is found that three evenly spaced curved spiders with an angle
of 60° cover one circle, and cover two circles when the angle is equal to 120°. Here, the
simulation shows that in terms of resolution, defined with the fr, an angle of 120° is

preferred. For N = 3, leg thickness should not exceed 7.5 % of the aperture diameter.
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Figure 3.35: Study of the variation of the Rayleigh frequency as a function of N and € (8

=75 %). The frequencies are normalized to the cut-off frequency.
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Figure 3.36: Relative standard deviation values of the Rayleigh Frequency when varying
the parameters  and € for N = 3. The frequencies are normalized to the cut-off frequency.

3.3.3.3/ EXPERIMENTAL PART

In order to confirm the numerical results, an experimental setup has been developed
[152]. The characterization optical setup allows measuring the PSF, generated by the
Mirau lens, from which the MTF is then derived. A probing beam (A = 633nm) is focused
by the Mirau lens. Then, the focal plane, i.e. the PSE, is collected by the magnifying
system, which consists of a microscope objective (x50, NA = 0.45) and a tube lens to
project the image onto a camera. The Mirau lens is matching with the object focal plane
of the microscope objective. Three optical configurations of the Mirau lens have been
investigated. In the first configuration, the lens is free of mirror and arms, i.e. the lens

itself is characterized. The second and the third configurations involve a mirror held by
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three straight and three curved spider legs, respectively. The thickness of the spiders is
100um (e = 5 %). Both the symmetry of the frequencies and the resolution losses, i.e.
fr rstd and fr mean, are derived. Figure 3.37 shows the contour plots at four contrast
values of the measured (Fig. 3.37 (a), (c), (e)) and simulated (Fig. 3.37 (b), (d), (f)) MTFs
for the three configurations. The two dimensional MTFs are displayed as function of the

spatial frequencies fy and f,.

As expected, without mirror and spiders, both experimental (Fig. 3.37 (a)) and theoret-
ical (Fig. 3.37 (b)) MTFs present a rotational symmetry for each contrast value, i.e. the
resolving power of the lens is similar in all radial directions. In the second configuration
(Fig. 3.37 (c) and (d)), the mirror held by three straight arms is placed against the lens.
Compared to the first configuration, the rotational symmetry of both MTFs is degraded.
This is due to the diffraction effects of the spider legs and the mirror. At a contrast value
of 26.4 %, six lobes appear corresponding to the arms. Furthermore, the amplitude of two
lobes is accentuated because of the combination of diffraction patterns from the mirror
and from the spider legs. These frequency variations lead to an increased fr rstd (Ta-
ble 3.6). In other words, the lateral resolution of the Mirau lens is slightly deteriorated
and depends on the lateral direction. Then, for the third configuration, the three straight
spiders have been replaced by three curved spiders corresponding to f = 100% (Fig.
3.37 (e) and (f)). The two lobes are still perceptible due to the mirror diffraction pattern.
However, comparing to the second configuration, fr rstd is 20 % lower (Table 3.6). This
experimental factor well matches the simulation one. Due to the thickness of the spiders
(100pm, € = 5 %), the impact of the diffraction effect is not negligible. Keeping the curved
shape and reducing the spider thickness to 50um (e = 2.5 %) would allow a fg rstd similar

to the configuration without mirror and spiders, i.e. 1.2x10~2 cycles/um.
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Figure 3.37: Contour profiles of the MTF at four contrast value: 0.2, 0.264 (Rayleigh cri-
terion), 0.5 and 0.8. The experimental results (on the right column) and the simulation
results (on the left column) are plotted corresponding to pupils on insets.

Table 3.6: Values of the Rayleigh frequencies mean (in cycles/pum) and standard deviation
(in cycles/pum) in the three configurations of Fig. 3.37.

Conf. 1 Conf. 2 Conf. 3
fr mean 0.225 0.205 0.203
frrstd 53x107% 1.8x1072 1.6x102

3.3.3.4/ CONCLUSIONS

Diffraction effects, in a Mirau micro-interferometer, due to the mirror and the spider legs
are studied. Results of both simulations and experimental measurements demonstrate
that the diffraction effects have a low influence onto the quality of the point spread
function. However, they are not negligible in terms of spatial frequency variations. In
particular, it has been shown that curved spiders are beneficial only in the case of three

spider legs and that the optimum RoC is around to 80 %. For this value of RoC, the
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resolution is constant for any spider legs thickness up to € = 7.5 %. As a conclusion,
the Design 2 is a competitive alternative to the Design 1 in term of optical quality. In
the following, the parameters of the spider legs are set to 100 % and € = 2.7 % which
corresponds to a thickness for which the effect of the spider legs on the optical quality is
negligible.

3.4/ CONCLUSIONS

To conclude, two different designs have been discussed for the mechanical silicon plat-
form that carries the array of micromirrors. One design is based on the integration of glass
disks on the silicon platform to carry the micromirrors while keeping a clear aperture
around the micromirrors. This design represents a technological challenge and therefore
a second simplified design is proposed. The second design includes silicon suspensions
to support the micromirrors. This design is not optimal in term of optical quality as the
aperture around the micromirrors is not completely clear. However, the impact of the
silicon suspensions on the optical quality has been studied and results show that the im-
pact is negligible, especially for specific curved silicon suspensions. The silicon platform
is suspended with folded-spring silicon suspensions. Two different spring designs have
been studied and no major differences appear between the two. Finally, the comb drive
actuator and position sensor have been studied. Simulations show that the design chosen
in Ch. 2 is suitable and meet the specifications of displacement for the phase-shifting ap-
plication. The next chapter focuses on the microfabrication of the vertical microscanners
introducing the specificities of microfabrication and discussing the results of the micro-

fabrication.
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FABRICATION OF VERTICAL
MICROSCANNER

The microfabrication of a designed device, i.e. practical processing of the wafers, is pre-
ceded by several important preparation steps. The first step is the writing of the flow
chart, which requires choosing the best technological process for each step of the flow
chart. The best technological process is the most suited process taking into account pre-
vious and following steps, the available equipments and technologies. These choices are
critical for the success of the fabrication. The main microfabrication technologies and
equipment used in this thesis are described in Annexe D. The second step is the design
and drawing of the hard masks used for the photolithography steps. Finally, the im-
plementation of the process can start in a third step. Then, simple technological tests,
to experimentally confirm the feasibility of particular “non-standard” processes, are re-
alized and finally the full flow chart is tested. This chapter proposes a methodology to
analyse risks linked to the choice of a technological flow chart. Finally, three technological

fabrication flow charts, for the two platform designs described in Ch. 3, are presented.

4.1/ METHODOLOGY FOR THE RISK ANALYSIS OF A PROCESS
FLOW

A microfabrication flow chart aims to describe each step of the technological process of a
device. Each step consists in an action on/with a specific material, with a specific equip-
ment and with specific parameters. To design a microfabrication flow chart, different
points must be taken into account. First, the knowledge of the capability of the microfab-
rication techniques is the basis to choose adapted technologies and has been presented
before. However, another important point is the compatibility of the technological steps

between each other. The compatibility between two steps usually depends on a compati-
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bility process/material or equipment/material. For example, a wafer with a metal mask
can be forbidden in some etching equipment to avoid contamination of the equipment.
Secondly, the knowledge of the microfabrication techniques available in the cleanroom
limits the possible choices. Indeed, cleanroom equipments are usually expensive and
all the cleanrooms are not equipped identically. It is possible to realize different steps
of the microfabrication in different cleanrooms; however, it is usually time-consuming,
sometimes expensive and overall the transport is risky for the device. These aspects of
microfabrication are practical but must be taken into account when elaborating a flow
chart for a successful microfabrication. It is proposed to include these major points by
evaluating the risks linked to each step and to help the identification of critical steps in a

flow chart.

Each step of the flow chart is analysed in terms of risk linked to the process and to the
equipment. Each risk is represented by a risk factor that is equal to the probability fac-
tor multiplied by the impact factor. The probability and the impact factors are defined
as given in the Tab. 4.1. The scale is the same for the probability and the impact factor.
The risk factor is classically defined as shown in Fig. 4.1. This method supposes a good
knowledge of both fabrication process and cleanroom equipments. Note that a microfab-

rication step has a minimum risk factor of 1 due to the manipulation of the wafer.

Table 4.1: Definition of the probability and the impact factor.

Factor | Impact Probability Description of the risk

1 Very low Unlikely to occur Negligible impact

2 Low May occur occasionally Mmqr impact on time, cost or
quality

3 Medium | Is as likely as not to occur Nota}ble impact on time, cost or
quality

4 High Is likely to occur Substar}tlal impact on time, cost
or quality

5 Very high | Is almost certain to occur Thrfeatens the success of the
project
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Impact factor

1 2 3 4 5
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Figure 4.1: Table showing the risk factor depending on the probability and the impact
factor. The red blocks show high risks that can lead to the failure of the process and
for which appropriate actions must be adopted to reduce the risk. The orange blocks
represent a lower risk though it must be taken into account for a better success of the
process. Finally, the green blocks represent a low risk.

4.2/ FIRST FABRICATION DESIGN: GLASS BASED TECHNOLOGY

4.2.1/ FLOW CHART CONSTRUCTION AND ANALYSIS OF RISK

In the literature, there are very few example of monolithic integration of a glass optical
component on an actuated structure. To my knowledge, only Yoo et al. have proposed a
solution for this type of integration [153]. The fabrication, shown in Fig. 4.2, involves the
monolithic fabrication of a glass microlens on a silicon lateral comb drive scanner. The
glass is first fabricated using thermal reflow in a silicon cavity. Then, a structured glass
wafer is bonded to the silicon and serves as a mechanical support to polish the other
surface of the silicon wafer in order to obtain a thin layer of silicon in which the comb
drive is finally realized and also to liberate the back side of the microlens that was in

contact with the silicon.
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(a) Thermally reflowed glass
microlens. (e) Half-dicing.
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(c) Anodic bonfing with wet- (g) Thermal pad removal with
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mask patterning. device
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Figure 4.2: Monolithic integration of a glass microlens on a silicon lateral scanner pro-
posed by Yoo et al. in [153].

In our case, this solution is difficult to implement as it involves two wafers, one in glass
and one in silicon. Here, we need to take into account that the vertical microscanner is
meant to be integrated with a glass lens wafer and a beam splitter (in total 7 wafers to
be stacked). The integration of wafers is more and more complicated when the number
of wafer is increasing. Then, another integration strategy must be chosen. The integra-
tion of glass is challenging for two main reasons that are identified here. First, the glass
integrated design is schematically represented in Fig. 4.3. In this schematic, the glass
support is represented on top of the structured device layer. The structured device layer
illustrates both the silicon platform on which the glass support is integrated and the comb
fingers that constitute the micro-actuators and the microsensors. The aim of the process

flow chart is to show the different steps to realize this structure starting from a SOI wafer.
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(a) (b)

Creation of silicon Creation of a glass
SOI wafer comb drive support

RS

Releasing of the device by the
back side

Figure 4.3: Schematic representation of the structure to realize: (a) bare SOI wafer, (b)
integration of the glass support.

Figure 4.4 suggests two solutions to integrate the glass support showing the main steps of
the flow chart. Basically, the glass can be integrated before the structuration of the device
layer (Fig. 4.4 (a)) or after the structuration of the device layer (Fig. 4.4 (c)). In the two
cases, a problem is identified and illustrated in Fig. 4.4 (b) and (d).

In the first case (Fig. 4.4 (a)), the SOI device layer is structured to remove silicon from
below the glass support and then the glass support is bonded to the silicon (step 2) and
etched to form the glass disks (step 3). After this step, the comb fingers are created in
the device layer (step 4). This realization requires two steps: a photolithography step to
create a masking layer and an etching step to etch silicon where it is not protected by the
mask. The problem is that the photolithography step cannot be realized with a standard
process because the wafer surface is not flat. The non-flatness has two consequences, spin
coating of photoresist cannot be performed and the hard mask cannot be in contact with
the surface to be exposed by UV light. A solution is to use a non-standard photolithog-
raphy process associating spray coating of photoresist and projection photolithography.
The two associated processes are non-standard and require non standard equipments. A
spray coater is available in MIMENTO cleanroom but this process is based on spraying
small droplets of photoresist on the wafer which has the disadvantage to create a non-
homogeneous thickness that can have variation of = 0.5 um. In our case, the gap between
the comb drive is equal to 5 um, therefore, the quality of the photolithography must en-
sures an alignment error inferior to 1 ym. The variation of the photoresist thickness can
provoke a bad transfer of the pattern into the photoresist and lead to a bad quality of
photolithography. Moreover, a specific alighment machine equipped for projection pho-
tolithography is needed. This type of machine is based on an optical system that is placed
between the hard mask and the wafer that enables to focus light on the wafer surface. This
machine is very specific and few cleanrooms are in possession of such an equipment. In

MIMENTO cleanroom, a start-up called Freque|n|sys has an industrial projection aligner.



122 CHAPTER 4. FABRICATION OF VERTICAL MICROSCANNER
(a) Strategy 1

1.

| 3. 5.
Classic photolithography not adapted because of
high topology surface

(b) Problem of strategy 1

Incident Light

Mask

Gap between mask and resist

(c) Strategy 2
1. 2. 3. ‘ 5.
Structuration of glass component not

adapted without damaging the BOX

(d) Problem of strategy 2

\

Damaged fingers

-

Figure 4.4: Problem linked to the integration of a glass membrane on a SOI wafer: (a)
strategy of integration 1, (b) problem linked to strategy 1, (c) strategy of integration 2, (d)
problem linked to the strategy of integration 2

However, the machine is adapted for industrial production and not research which makes
the process very delicate. To conclude, the association of these two non-standard process

requires some research and development that will be shown further.
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In the second strategy (Fig. 4.4 (c)), the comb drive (step 2) is realized on the bare SOI
wafer which makes the photolithography and the etching steps of the comb drive easier
than in the first strategy. Then, the glass is bonded to the silicon (step 3) and etched
to form the glass disks support (step 4). The etching of the glass, which thickness is
around 25 um, can be realized by wet etching. Indeed, dry etching of such a thickness
would be too long and is not practically realisable. Wet etching of glass is based on
concentrated hydrofluoric acid (HF, 49%). This solution attacks SiO; that is the main
compound of glass. The drawback is that it will also attack the BOX that is by definition
Si0; and that is unprotected because of the structuration of the device layer. If the BOX is
removed, then the bottom of the device layer is no more protected for the last step of the
process that consists in etching the silicon handle layer to release the microscanner. The
result is that the comb fingers will be destroyed (Fig 4.4 (d)). A solution is to protect the
BOX from the etching solution by deposition a protecting masking layer. This layer must
resist to the bonding, be resistant to HF and deposited at the bottom of the thin trenches
that constitutes the gap between two comb fingers (width=5 um, depth= 40 um). The
proposed solution is to deposit a layer of chromium and gold. Chromium is an adhesion
layer and gold is a resistant masking layer for HF etching. The idea is also to use these
metal layers to do the bonding of glass and silicon by thermocompression. This second

solution is also non standard and is tested in the following.

The basic principle of the two integration strategies has been exposed previously. Now, a
detailed flow chart for both strategies is presented and a risk analysis is done. The strat-
egy 1is called the "projection photolithography” strategy and the strategy 2 is mentioned

as the “thermocompression” strategy.

Figure 4.5 shows the main steps of the projection photolithography strategy. Step (a) con-
sists in first cleaning the wafer in piranha and then creating alignment marks on the back
side of the wafer. These alignment marks will serve at the end of the process to align
the mask used for the back side release. Thus chromium is sputtered (100 nm) on the
back side, a photolithography is realized followed by a wet etching of the chromium. Fi-
nally, silicon is etched where the chromium has been removed to create alignment marks.
The silicon etching is realized by RIE. Step (b) aims to create silicon cavities in the de-
vice layer that will correspond to the optical aperture below the glass disks. A double
side photolithography is used to align the marks from the back side with the photoresist
mask created on the front side. The silicon cavities are etched down to the BOX by DRIE
(SPTS). During step (c), the wafer is cleaned to remove the photoresist and to prepare the
SOI wafer for anodic bonding. Both SOI wafer and glass wafer are cleaned in piranha
and prepared in CL200 cleaner. The glass wafer is borofloat from Schott (Borofloat 33).
Anodic bonding is realized in the EVG bonder. Lapping and polishing of the wafer is
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realized by an expert engineer to obtain 25 ym thick glass layer. Cleaning in piranha
must be performed after the polishing. Next step (d) aims to create a mask for the glass
etching. To etch selectively the glass, a metal masking layer made of chromium and gold
is deposited on the glass and a photolithography is realized to remove the chromium
and the gold from the areas where the glass has to be etched. Different masks including
double layer of chromium and gold and photoresist will be tested. Note that this pho-
tolithography is a double side photolithography, where the mask of the glass must be
aligned with the back side alignment marks. Indeed, the marks at the front side surface
of the silicon wafer cannot be used due to the presence of the glass. Then, the glass disks
are etched by wet etching in HF (step e). At this stage, the chromium/gold/photoresist
mask is removed and the micromirrors and the contact pads are realized by sputtering
of chromium and gold, followed by a photolithography done with a spray coated pho-
toresist and wet etching of gold and chromium (step f). Next, the comb drive are created
by a two steps DRIE process realized with two different masks. The two different mask
must be realized with material that can be removed selectively (step g). A mask is created
in aluminium or in chromium (aluminium is etched by the developer which complicates
the tests) by sputtering, spray coated photoresist and projection photolithography and
finally wet etching. The alignment of this first comb drive mask is not critical as it must
only be aligned with the glass disks. The second mask is realized in spray coated pho-
toresist and projection photolithography. The alignment of the second mask of the comb
drive with the first mask is very sensitive. The first DRIE step is realized with the two
masks to etch silicon down to the BOX and create the comb drive (step g). Then, the
photoresist mask is removed in acetone and the second DRIE is performed to etch one
in every two combs down to half the device layer thickness (step h). Note that the DRIE
cannot be performed in the SPTS equipment because of the presence of the metal mask,
thus the Alcatel machine is used. The wafer is cleaned from the aluminium mask by wet
etching (step i). The final steps consists in releasing the scanner by etching the back side.
Spray coating photolithography is realized on the back side to created the releasing aper-
ture (step j). The front side of the wafer is protected by gluing a support wafer with oil.
Then, DRIE is performed to etch silicon down to the BOX (step k). The wafer support is
removed in acetone and oil residues are removed by oxygen plasma. Finally, RIE of the
BOX is achieved.
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Figure 4.5: Flow chart 1: projection photolithography based technology, (a) sputtering
of Cr, photolithography, etching of Cr and Si on back side for the creation of alignment
marks, (b) photolithography and DRIE of silicon cavities, (c) cleaning and anodic bond-
ing of SOI and glass wafer, (d) deposition of Cr/Au/Cr/Au/SPR 220 mask on glass,
(e) HF etching of glass, (f) deposition of Cr/Au micromirrors and contact pads, (g) two
step photolithography in Cr and photoresist and first steps DRIE, (h) stripping of pho-
toresist mask and second step DRIE, (i) etching of Cr and cleaning of the SOI wafer, (j)
Photolithography on the back side, (k) DRIE of handle layer, (1) RIE of the BOX.
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A risk analysis of this flow chart is conducted for each steps of the process. Table 4.2
shows a description of the risks associated with each step of the flow chart. Risks linked
to the process, to the compatibility of the process within the flow chart and to the equip-
ment used are discussed. The probability and the impact factor corresponding to each
risk is established and the risk factor is calculated. The sum of each risk factor illus-
trates the global risk factor of the flow chart. For this first flow chart, the total risk factor
equals 173 and the risk analysis shows some critical steps that require testing and devel-
opment to lower the risk. In particular, steps 19 and 22, which are linked to the projection
photolithography process and steps 30 and 31, which are linked to the back side release
of the microscanner, are highly risky and the success of the fabrication depends on the
management of these processes. The risk linked to the projection photolithography steps
is mainly linked to the capacity of the machine that cannot be adapted to non classical
procedure. The release step is always critical in MEMS/MOEMS system as it consists in
making free a very fragile platform. Moreover, after this step, wet processes are forbid-
den as it can provoke stiction between fixed and moving parts. The lapping and polishing
steps are also critical as it must ensure a good planarity of the glass support as well as a
good optical quality without breaking the glass that is suspended over the silicon cavities
created in step (b). Finally as the micromirrors are deposited in the middle of the flow

chart, it is critical to keep their optical quality until the end of the fabrication.
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Table 4.2: Risk analysis of the ”“projection photolithography” flow chart. The risk factor
is illustrated by a blue bar which length is proportional to the risk factor. The total risk

factor is equal to 175. BS and FS stands respectively for back and front side.
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The second strategy of glass integration is based on thermocompression which metal lay-
ers serve also for the protection of the BOX against the HF solution used for the wet
etching of glass (Fig. 4.6). Step (a) is the same than in the first flow chart and consists in
creating alignment marks on the back side. Then, the comb drive are created in the device
layer in the same two steps photolithography/DRIE process than presented before (step
b-c). In step (d), a chromium and a gold layer are deposited by sputtering on both glass
and structured silicon wafer after cleaning of the wafers. A photolithography (51813) fol-
lowed by a wet etching of chromium and gold is processed on the glass wafer to remove
the metals from the optical aperture created by the glass disks. Step (e) illustrates the
bonding by thermocompression of the two wafers, the lapping and polishing of the glass
wafer down to 25 um and the selective deposition of the masking layer for HF etching
(Cr/Au/Cr/Au/SPR 3.0). Then, step (f) shows the wet etching in HF by the same means
than in the first flow chart. In step (g), the metal layers used for the bonding are removed
by wet etching and the wafer is cleaned. Note that the micromirrors and the contact pads
cannot be deposited at this step by deposition of metal layers and photolithography be-
cause the spray coated photoresist would penetrate between the comb finger gap and
would be too difficult to remove. Back side release is performed following the same step
than in the first flow chart: first DRIE of the handle layer is conducted while the front side
is protected by a support wafer (step h) and then RIE of the BOX is done (step i). Finally,
the micromirrors and the contact pads are deposited on the released device by use of a
shadow mask wafer and sputtering. This solution is very interesting because it enables
the deposition of the micromirrors as a last step, avoiding any possible contamination
and keeping a good optical quality. The contact pads will be formed on the silicon sur-
face, which is not in contact with the shadow mask; however, the definition of the border
of the contact pads is not important compared to the one of the micromirrors which have

an impact on the optical quality of the final system.

The risk analysis is also realized for this flow chart and presented in Tab. 4.3. The table
shows that there is less step of fabrication, which is an advantage because it decreases
the risk. Moreover, there is less critical steps since the projection photolithography steps
have been removed and the deposition of the micromirrors in the last steps decreases
the risk of the degradation of their optical quality. Note that this strategy of deposition
of the micromirrors can be adapted to the first flow chart. Though, in the second flow
chart, there is a risk of attack of the BOX during the wet etching of the glass if the metal
layers do not protect correctly the BOX. It can happen if the deposition is not conformal
or has been deteriorated during the thermocompression. The total risk factor is equal to

125 which is much lower than the total risk factor of the first flow chart.
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Figure 4.6: Flow chart 2: thermocompression based technology, (a) sputtering of Cr, pho-
tolithography, etching of Cr and Si on back side for the creation of alignment marks, (b)
two step photolithography in Cr and photoresist and first steps DRIE, (c) stripping of
photoresist mask and second step DRIE, (d) etching of Cr on SOI wafer and sputtering of
Cr/Au on SOI and glass, (e) thermocompression and deposition of Cr/Au/Cr/Au/SPR
220 mask on glass, (f) HF etching of glass,(g) etching of Cr/Au and cleaning of the wafer,
(h) photolithography on the back side and DRIE of handle layer, (i) RIE of the BOX, (j)
sputtering of Cr/Au micromirrors and contact pads through shadow mask.
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Table 4.3: Risk analysis of the “thermocompression” flow chart. The risk factor is illus-

trated by a blue bar which length is proportional to the risk factor. The total risk factor is

equal to 119. BS and FS stands respectively for back and front side.
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Two solutions to integrate the glass support on the silicon microscanner have been given
and studied. Each flow chart has been described in details and each step has been anal-
ysed in terms of risk. The critical points of each technology have been discussed in terms
of equipment and process. In the next section, the fabrication of the microscanner follow-
ing the two presented strategies is exposed after introducing some considerations on the

fabrication of the hard masks.

4.2.2/ FABRICATION RESULTS

Microfabrication is based on photolithography steps that enables the selective deposition
and the etching of material layers according to a specific pattern. The pattern is trans-
ferred to the wafer through a hard mask that hides specific region of the wafer during
the exposure of the photoresist to UV light. The mask pattern is defined by the design of
the structure to be fabricated. The hard mask is realized with a high resolution aligner
that exposes point by point the photoresist according to a path that depends on the mask
file. The mask file is a drawing of the design that can be realized with different softwares.
In this thesis, the masks have been drawn with KLayout, which is a free software. With
this software, the masks can be easily coded using Ruby language which is an advan-
tage when complicated mask are designed and which parameters can change over the
progress of the research. Here, the masks have been coded putting the design parameters
as variables of implemented functions. In practice, if the number of comb fingers, the gap
between two comb fingers d or the diameter of the optical aperture Dj,.s are changed,
the mask can be automatically regenerated. Finally, the drawing of a mask must take into
account the type of process that is realized to first draw alignment marks according to
the targeted alignment precision and secondly to adjust the pattern size with the poten-
tial underetching of the processes. The alignment marks used in this thesis are shown in
Fig. 4.7. The alignment marks, placed both on the wafer and on the hard mask, must be
able to align the two entities in the two directions and be large enough to be found easily
with the optics of the alignment equipment. The alignment marks are placed symmetri-
cally with respect to the y axis of the wafer, near the right and the left border. The bigger
the distance between the alignment marks, the better the alignment. Indeed, when the
alignment marks are far away from each others, the angle error, usually referred to as

“theta error”, is minimized.
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Figure 4.7: Alignment marks with a zoom on the central marks. The alignment marks are
placed at the left and right border of the wafer in the zones shown in Fig. 4.8.

However, the alignment marks cannot be placed everywhere on the wafer because of
some exclusion zones. Figure 4.8 gives an overlook of different forbidden zones. First the
border of the wafer is usually not patterned because processes are less qualitative on the
edge of the wafer (red ring). Moreover, the objectives of the alignment equipment cannot
image the whole wafer area but are usually constraint to a certain area (blue zones) in
which the alignment marks must be placed. Finally, another type of alignment marks
is used to make a first alignment between a bare wafer and a hard mask. Transparent
rectangles are placed at the bottom of the wafer to align the wafer flat, adjust the angle
and the y position of the wafer with respect to the mask and others rectangles are placed
on the left and right of the wafer to adjust the x position of the wafer (grey rectangles).
For the fabrication of the hard mask, it is convenient to add four little marks around the
wafer pattern to help finding the center of the wafer and center the pattern on the hard
mask. A small non symmetrical marks is also added to see easily if the pattern is mirrored
or not. Indeed, in practice, the wafer pattern is drawn as the researcher wants to see it
on the wafer which is the mirrored pattern with respect to the one on the hard mask in
contact with the wafer. Then, the mask pattern must always be mirrored compared to

what is expected on the wafer surface.
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The wafer center corresponds to the center of the square created
by the four squares
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Figure 4.8: Typical zones on a wafer and alignment marks.

The masks for the two flow chart have been generated and are shown in Annexe E. The
hard masks are fabricated by an engineer specially trained to use the mask aligner, which

is a very sensitive machine !.

The fabrication based on the first flow chart is now described. In the first integration strat-
egy, the glass disks supporting the micromirrors are first fabricated on SOI with etched
cavities, whereas actuator structures are performed later by use of spray coating and pro-
jection photolithography. An advantage of this strategy is that the glass layer can be
processed in concentrated HF without damaging the BOX for any thickness and shape of
the glass. However, 3 main steps have been revealed by the risk analysis as very danger-
ous: the creation of the 25 yum thick glass, the projection lithography and the release of

the structure. Therefore, a particular attention is paid to these steps.

First the 1.8 mm diameter cavities are etched into the device layer of SOI wafer by use
of SPR 220 photoresist and DRIE. The glass and the SOI wafer are anodically bonded at
350°C and the maximum applied voltage is 900 V. Then, the glass is lapped and polished
to obtain a thickness of 25 um. Figure 4.9 shows the results of this three frist steps at wafer

level.

1Unless mentioned otherwise, I have realized all the steps of the microfabrication presented in this thesis.
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(a) (b)

Figure 4.9: Results of the three first steps of fabrication: (a) glass bonded to SOI with
etched cavities and lapped and polished down to 25 pum (optical fringes are visible), (b)
HF etching of the glass to create glass supports, (c) deposition of Cr/Au micromirrors
and contact pads on the glass and the SOI surface respectively.

First tests have shown that the glass, which is suspended over the silicon cavities and
lapped and polished, breaks easily when the thickness is below 25 um (Fig. 4.10). Con-
sequently, for the future run, the thickness of the glass support will be adapted to 30 pm.
This change has no significant influence on the optical design. Before the glass is wet
etched in HF 49% during 6 minutes, it is protected with a sputtered Cr/Au/Cr/Au/pho-
toresist (10nm/2x200nm/ 10nm/2x200nm/5 pum) mask. This mask has been optimized
in terms of chemical resistance and to minimize risk of pinholes generation. The double
layer of Cr/Au combined with thick photoresist (20 um) is proposed in [154]. Here the
thickness of the resist is reduced compared to [154] because the etching depth is smaller
than in the article. Figure 4.11 shows clearly that the presence of the photoresist SPR 220
3.0 on the same Cr/Au/Cr/Au mask prevents the HF from penetrating through the pin-
holes in the gold mask. The thickness of structured glass layer was measured in the range

of 25-27 um, leading to a wafer-level thickness uniformity of 3.8%. The mirrors are then
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deposited by sputerring Cr/Au (10-180 nm).
@)

Figure 4.11: Test of masking layer for HF etching of glass: (a-c) Cr/Au/Cr/Au, (b-d)
Cr/Au/Cr/Au/SPR 220, (a-b) mask layer surface after 6 min etching, (c-d) glass surface
after removal of the mask.

The micromechanical structures are then formed in the SOI device layer by the two steps
DRIE down to the BOX. The construction of vertical comb-drive actuators requires two
types of finger electrodes, having the same width of 10 um but whose height differs (40

um for stationary and 20 um for movable fingers). This etching technique requires sub-
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micrometer alighment precision between the two masks in chromium and in photoresist.
For that purpose, the photoresist (51813, 3.0-um thick) is spray-coated on the silicon sur-
face (SUSS MicroTec AltaSpray 8) and projection photolithography (SVG Micralign 740)
is used to transfer the actuator pattern into the photoresist. This thickness of photoresist
is optimal to limit the fluctuation of the thickness of the resist and to transfer correctly
the pattern with the projection photolithography. Because the alignment marks are not
well visible through spray-coated photoresist, special alignment procedure has been de-
veloped to align the second mask with the first mask in chromium. Instead of using the
alignment marks, the comb fingers present on the wafer are aligned with the comb fingers
on the hard masks directly. As comb fingers are around the platform, two perpendicular
sets of comb fingers are successively used to align the x and y directions. The develop-
ing procedure has also been adjusted compared to the standard procedure used by the
start-up Freque|n|sys. For the first photolithography, the post exposure bake is removed
because tests have shown that it generates small photoresist residues after the develop-
ment. For the second photolithography, the development is realized manually because
automatic development is not able to remove the exposed photoresist efficiently. Indeed,
the pattern used for this second step is transparent for the most part which means that
most of the resist mus be removed. Therefore, an energetic agitation is required during
the development. The DRIE step is performed with the Alcatel machine because of the
presence of the metal mask that is forbidden in the SPTS machine. Figure 4.12 shows the
microscope images of the mask patterns. The measured alignment error of + 700 nm was

obtained. Figure 4.13 shows an image of the actuator at the level of the chip.
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(@)

Micromirror

Springs

Sensor part 1

Sensor part 2

Actuator

Figure 4.12: Two successive projection photolithographies results: (a) image of one chip,
(b) zoom on the comb fingers, (c) zoom on the comb fingers to see alignment precision.
The alignment error is around + 700 nm.

Figure 4.13: Image of the microscanner chip before the back side release.
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After that, the whole structure is first pre-released by DRIE of the backside (Fig. 4.14).
This step revealed the problem of broken BOX, which allows plasma penetration into
already formed structures in the device layer. This effect may be caused by the stress and
the weight of the suspended platform. Unfortunately, one of the consequences of this
effect is a creation of deep trenches at the basis of fingers or even complete breaking of
fingers (Fig. 4.15).

(@) (b)

Broken BOX

Figure 4.14: Result of the DRIE of the handle layer: (a) image of the wafer front side, (b)
image of the wafer back side, (c) zoom on on chip.

Trenches in the comb finger created from the
back side

Figure 4.15: SEM images of the structure after DRIE of the handle layer: (a) front side
view of one chip, (b) result of the etching of the comb drive from the back side, (c-d)
zoom on one finger etched from the back side with top view and 3D view.
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Broken BOX complicates also its etching in order to completely release the suspended
platform. For example, application of RIE method (BOX surface on top) leads to BOX
falling down into the cavity and non-uniform exposing of glass membrane to the etching
plasma. Figure 4.16 shows SEM images of the structure at the end of the process. It
appears that some parts of the BOX are stuck to the glass membrane after etching of the
BOX. However, the alignment precision is well conserved even after the release of the
structure. Note that the facing set of comb fingers have not the same width (7.9 and 11.9

um) and that the width corresponding to this pattern must be adjusted during the hard

mask design.

(a) (b) (©

sel |

Figure 4.16: SEM images of the back side of the structure at the end of the fabrication: (a)
broken parts of BOX stuck onto the glass membrane, (b) zoom on the broken BOX stuck
on the glass membrane, (c) alignment data after release.

To conclude, two out of the three risky steps have been overcome. For the last step, i.e.
the release step, a new solution must be implemented. A first solution consists in etching
the BOX at the bottom of the cavities right after etching the silicon cavities to avoid that
it falls down at the end of the process. This step can be realized easily after the etching
of the cavities in the same DRIE machine used to etch the silicon by changing the gas
composition of the plasma to etch silicon dioxide. However, the glass support is then
completely exposed to the RIE plasma used for etching the BOX which will also etch the
glass. Then, the back side of the glass must be protected before the glass wafer is bonded
to the silicon. The protection layer must resist to the temperature used for the anodic
bonding, to the etching plasma but must be removed by dry etching afterwards to let
the glass membrane transparent. Wet etching is not possible because, at this step, the
structure is already released and it would provoke stiction. A solution is to use parylene
to protect the glass. Parylene tolerates wide range of temperature and can be removed by
oxygen plasma. Moreover, Higo et al. showed the potential of a parylene/Al/parylene
sandwich protection mask for HF vapour release for MEMS [155]. This solution is still to
be tested. Another issue that was not taken into account in the risk analysis is that the

BOX breaks and let the silicon etching plasma reach the front side during the back side
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release. A solution is to deposit a thin layer of silicon dioxide by PECVD on the front side
of the wafer to protect the comb fingers during the back side etching. Adding this layer
requires that the micromirrors are deposited at the end of the flow chart as proposed in

the flow chart 2. This solution still needs further tests of development.

The second flow chart is based on the combination of thermocompression and glass etch-
ing. The aim is to protect the BOX from the HF solution during glass structuration with
the Cr/Au layer deposited for the thermocompression of silicon to glass. This technol-
ogy enables the photolithography to be performed as a first step on the flat surface of
SOI device layer, resulting in high quality mask for subsequent DRIE. Consequently, the
structures of comb drive actuator can be etched with high precision and high quality
of wall surface. The chromium mask is first realized based on a lift-off process that is
more precise and qualitative than an etching step. The lift-off relies on realizing a pho-
tolithography with a negative photoresist, which means that the photoresist is removed
where the chromium must stay. Then, the chromium is deposited and finally the wafer
is cleaned in acetone which removes the photoresist and the chromium that has been
deposited on. In order to have a clean lift-off the side walls of the resist should have a
negative angle as shown in Fig. 4.17 and that is why negative photoresist is used (a-b).
However, here another solution is used. A first resist is deposited, called LOR 7B, and
then the photoresist is deposited on top of it. When this double layer is developed, the
LOR 7B is underetched which creates perfect sidewall profiles for a lift-off (c).

(a) (b)

m Positive photoresist m Negative photoresist
B < Acetone cannot attack [ 4 \ |
Si photoresist: lift-off Si >
I impossible I I
In acetone
()
LOR 7B
I Positive photoresist
Underetched by _ - -
developer ] > &
I I
In acetone

Figure 4.17: Lift-off process: (a) use of positive photoresist, (b) use of negative photoresist,
(c) use of LOR 7B and positive photoresist.

Figure 4.18 shows images of the comb finger structure. The alignment precision of the
two masks is presented in Fig.4.18 (a). The alignment precision is much higher than with
projection photolithography (4 60 nm). In (c) the focus is made on the surface of the

wafer, but it can be seen that one in every two fingers is etched. It is possible to measure
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the etch depth by focusing successively on the wafer surface and on the etched comb and

comparing the two vertical positions of the microscope.

Figure 4.18: Fabrication of the comb fingers: (a) alignment of the two masks, (b) first
DRIE step, (c) second DRIE step.

The design of the two DRIE masks is not well adapted in case of a higher misalignment.
Figure 4.19 illustrates the result of the two steps DRIE process in the case of a misalign-
ment between the two masks (a). It is relatively easy to avoid this issue by simply re-
moving the first mask where it is not needed thanks to the presence of the second mask
(b). Moreover, as expected and mentioned above, it can be observed that the quality of

etching of the comb fingers is much better than with the first flow chart.

(a) Problem (b) Solution
Misalignment am Mask 1 I Mask 2
H
= - - ] -
—> —>
| | | |
DRIE 1 DRIE 2 DRIE 1 DRIE 2

Figure 4.19: Design of the mask and misalignment: (a) impact of misalignment of the two
masks on the two steps DRIE, (b) impact of misalignment of the two masks on the two
steps process with modified masks designs.

The bonding of glass is realized by thermocompression with Cr/Au (10/300 nm) layers
deposited on silicon and glass surfaces during 13 hours and with a compression force

of 4 kN at 100°C. Cr/Au layer is previously removed from the silicon cavities by spray



146 CHAPTER 4. FABRICATION OF VERTICAL MICROSCANNER

coating, photolithography and wet etching (Fig. 4.20 (a)). An image of the thermocom-
pressed wafers is shown with the glass wafer on the top in Fig. 4.20 (b). A misalignment
is visible between the optical aperture realized on the glass wafer and the silicon cavities

in the SOI wafer (17 um). This error is acceptable because this alignment is not critical.

(@) (b)

o]

Cr/Au layer deposited on SOI wafer and Misalignement between SOI and
removed from cavities glass wafer

Cr layer deposited on Glass

Figure 4.20: Thermocompression: (a) structured Cr/Au layer on SOI wafer, (b) image of
the thermocompressed wafers seen from the glass wafer side.

The glass disks have survived the lapping/polishing and structuration steps. Thus, ob-
tained results indicate that the bonding by thermocompression is strong enough for this
application. Moreover, the quality of the bonding created has been investigated in terms
of homogeneity. A scanning acoustic imaging technique was used to investigate the

bonded interface. Fig. 4.21 shows that the bonding is well homogeneous.

@ I B

Trenches through the SOI to
manually detach the chips at

67.5-

Contact pads
ilicon cavities (no bonding)
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Figure 4.21: Acoustic measure of the bonding quality. Red areas correspond to bonded
areas whereas blue zones correspond to unbonded zones.

The main problem of this technology is that the conformality of the Cr/Au layer de-
posited for the thermocompression on SOI wafer is not good enough and do not protect

efficiently the BOX. Hence, when the glass is structured in HF, it has been observed that
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the BOX is also etched releasing partially the structure (Fig. 4.22). It is expected that,
during the backside release, the etching plasma will easily penetrate the front side of the
wafer and damage the front side structure (as presented before for the first flow chart).
The idea of protecting the front side with a thin oxide can be also applied but then this
technology has only the advantage of a low temperature process when anodic bonding

cannot be used (high temperature can be a problem for other devices).

BOX etched by HF

glass disks

s -

Figure 4.22: Images of the structure after Cr/Au layer etching. The BOX has been at-
tacked by HF and underetched below the silicon.

To conclude, the two strategies proposed in this thesis have been tested and proven to be
efficient to integrate glass disks. The optical quality of the glass disks will be character-
ized in the next chapter. The main critical steps revealed by the risk analysis have been
optimized and overcome. Overall, a new combination of spray coating and projection
photolithography have been completely developed. With the two strategies, the limiting
steps are the releasing steps due to deterioration of the BOX. A solution based on the
deposition of silicon dioxide on the front side is proposed. However, for the second flow
chart, if the thermocompression is a good alternative to anodic bonding, the Cr/Au layer
tested here is not efficient to protect the BOX. A more conformal deposition, with higher
thickness could be tested using the atomic layer deposition technique. Above all, for both
strategies, the main issue is the protection of the back side of the glass support during the
etching of the BOX. A solution is the deposition of a protective layer before the bonding

but this solution has not been tested yet.
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4.3/ SECOND FABRICATION DESIGN: SILICON BASED TECHNOL-
OGY

4.3.1/ FLOW CHART CONSTRUCTION AND ANALYSIS OF RISK

The integration of the glass support on the silicon actuated platform is difficult. To ensure
the success of fabrication of the vertical microscanner, a second microscanner design has
been proposed. Here, the flow chart of this simplified design, which is only based on
silicon, is presented in Fig 4.23. The fabrication starts with the creation of the comb fingers
based on the two steps DRIE explained before. Silicon dioxide is used as a first mask and
photoresist as the second (step a-c). Silicon dioxide was not a possibility when glass was
used because it is grown thermally at a temperature above the melting temperature of
glass. In the absence of metal mask, the SPTS DRIE can be used to reduce the risks due
to the Alcatel machine. In the same DRIE steps, the suspensions of the micromirrors are
formed in the device layer (step d-e). The wafer is then oxidized (step f) to protect the
front side during the back side etching. The structure is released by the back side by DRIE
of the handle layer and HF vapour etching of the BOX (step g). Finally the micromirrors
and the contact pads are deposited through a shadow mask by sputtering (step h).

%)
i

<./ Silicon - Silicon dioxide
- Photoresist / Cr/ Au

Figure 4.23: Flow chart of the fabrication process: (a) oxydation of SOI wafer (800 nm), (b)
photolithography and ICP DRIE for structuration of S5iO; layer (Mask 1), c) photolithog-
raphy of S1828 photoresist layer (Mask 2), d) first DRIE, e) removal of Mask 2 and Second
DRIE, f) oxidation of the wafer (200 nm) to protect front side during back side release
followed by back side DRIE with thick photoresist mask, g) vapour HF etching of SiO,
layers and BOX, h) deposition of Cr/Au (10 nm /150 nm) by sputtering though physical
mask.

This flow chart is much shorter which reduces the total risk factor (37). Moreover, the

risk analysis shows that there are less critical steps and that they have a low risk factor
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(Tab. 4.4). Indeed, the maximum risk factor is 8 which is much lower compared to the
integration strategies flow charts which maximum risk factor is 25. Then, with this flow

chart, there is no step that might jeopardize the success of the fabrication.
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Table 4.4: Risk analysis of the “spider” flow chart. The risk factor is illustrated by a blue

bar which length is proportional to the risk factor. The total risk factor is equal to 37. BS

and FS stands respectively for back and front side.
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4.3.2/ FABRICATION RESULTS

The technology of vertical scanner is based on double-side processing of SOI wafer using
DRIE method. The first stage of the scanner fabrication, i.e. structuration of device layer,
depends directly on the fabrication method of asymmetric comb fingers. It is realized
by a two steps DRIE process (Fig. 4.23). First, two mask layers, one in a silicon dioxide
(t = 0.8 um) and the other in a photoresist (t = 2.5 ym), are formed on the device layer
in two subsequent photolithography procedures (Fig. 4.23, steps (a)). The alignment
precision achieved was + 0.75 ym. These mask patterns, corresponding to the two
different sets of the facing fingers through the device layer (t;; = 40 um), are used in
the first DRIE process to etch all comb fingers down to the BOX layer. Simultaneously,
other micromechanical structures, i.e. the springs, the platform and the mirrors, are
also realized. After stripping the resist mask, one set of comb fingers is still protected
by SiO; mask, whereas the other is exposed to the etching plasma during the second
DRIE process. In consequence, the thickness of unprotected fingers is reduced by half
(3t = 20 um), which creates a vertical asymmetry between the facing comb fingers.
This second DRIE process has been optimized to prevent the notching effect due to the
BOX. The actual gap between finger was measured to be 4 um, instead of the targeted
5 um, because of an overestimated under-etching (250 nm instead of the estimated 500
nm) during masks creation and silicon etching. Finally, an important drawback of this
step is linked to its “maskless” character. Realization of classic Bosch process leads in
this case to the creation of thin silicon “walls” at the edges of the processed fingers (Fig.
4.24). This phenomena has already been observed in [131] where a passivation layer was
deposited before RIE etching step. One of the possible explanation is that during this
second DRIE step, the teflon-like polymer that is deposited on the finger side-walls, has
finally no more silicon support and become a mask during the following etching cycle
by falling down on the structure. Another explanation would be a micromasking effect,
related to high selectivity of silicon etching in SPTS system towards polymer (S = 150)
and oxide (S = 250) masks as well as the deformation of local electric field due to sharp
edges of fingers. In [131], solutions were suggested but not tested. Here, the proposed
solution relies on increased time of SFs etching cycle of Bosch procedure in order to

systematically under-etch the remaining thin silicon wall.

The second stage of the scanner fabrication deals with the release of the structure. This
part is always very sensitive when it comes to active structure. Here, the back side of
the device, i.e. the handle layer (f;,; = 500 pm), must be completely etched to allow
light transmission through the platform, around the micromirrors. This etching step is
realized through a 15 ym thick AZ9260 resist mask deposited on the SiO, layer. Note that
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A.
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Figure 4.24: SEM image of fabricated comb fingers. A) SEM images : (a) Creation of
silicon “wall” during second DRIE where there is no masking layer (Fig. 4.23 step e)) (b)
Improved DRIE process to limit silicon “wall” creation. B) Schematic of the formation
of silicon walls during DRIE process : (a) Deposition of teflon everywhere and isotropic
etching of the teflon on horizontal surfaces, (b) Silicon etching , with formation of free
teflon walls, (c) Falling of teflon walls on the silicon, d) Deposition of teflon, (e) Isotropic
etching of teflon on horizontal surfaces, some teflon is left, (f) Silicon etching with teflon
residue on horizontal surfaces creating silicon walls, (g) Cleaning of the wafer.

Si0;, etching step should be preferably done with successive short etching times to limit
an elevation of the temperature that leads to difficulties in removing the resist. Moreover,
it has been found that some cracks appear in the BOX when it is reached by the etching
plasma. The consequence is the penetration of the etching plasma through the BOX layer
and then the partial etching of the device layer, destroying the structure like with the
testing of the first flow chart (Figure 4.25). Therefore, a thin thermal silicon dioxide layer
(t = 150 nm) is thermally grown to protect the front side during the back-side etching.
Finally, the release of the platform is done by etching of the silicon dioxide layers in
vapour HF (Fig. 4.23, step (f)). In order to ensure the best possible quality of micromirror
surface as well as contact pads, the deposition of the metal layer is performed as a last
step. For the fabrication of micromirrors, the sputtering of Cr/Au layer (10 nm/150 nm)
is realized through a physical mask, aligned thanks to bonding tools (Fig. 4.26). For
this purpose, both the microscanner and physical wafers are aligned directly in a EVG
bonding tool using EVG620 mask alignment system, and then brought into contact in
EVG501 wafer bonder. The alignment is maintained in the sputtering machine thanks
to an adhesive teflon tape. The physical mask has been designed in order to minimize
the tolerance sensitivity. Note that in the final fabricated wafers, the adhesion layer in
chromium has been replaced by titanium which has two advantages; it diffuses less in
gold when high temperatures are reached which is important to resist to anodic bonding,

and chromium based material will soon be forbidden in industry.
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Figure 4.25: SEM image after back side DRIE. A : SEM images (a) Comb fingers that are
partially etched from the back side, (b) Zoom on one finger. B : Schematic of the etching of
comb fingers by the back side through BOX cracks : (a) Comb fingers SOI wafer, (b) Back
side DRIE etching down to the BOX, (c) Creation of cracks in the BOX, (d) Penetration of
etching plasma through the BOX from the back side to the front side of the wafer resulting
in comb fingers destruction.
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Figure 4.26: Deposition of Cr/Au layer on micromirrors and pads using shadow mask
wafer: (a) image of the shadow wafer aligned with the SOI wafer showing the mirror
silicon support, (b) a global view of the aligned wafers (top : shadow mask, bottom : SOI
wafer) ready for the mirror sputtering.

Two strategies of fabrication were implemented: the first to enable the separation of
individual chips from the wafer and thus facilitate the characterization (Fig. 4.27) and
the second for the future wafer-level integration within the Mirau micro-interferometer
(Fig. 4.28). With the first design, individual chips were separated using UV tape to
maintain them while manually cutting small silicon bridges and sucking up the dust
using vacuum system (Fig. 4.27). Finally, short exposure of tape to UV light allows
gentle releasing the chips. One wafer with this “chip” design was fabricated without
optimization and a yield of 71% was obtained. For the second design, three wafers were
fabricated to test the vertical integration of the microscanner with the glass microlenses

wafer and the beam splitter. The yield of fabrication of these wafers was 100% (Fig. 4.28
(a)-
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Figure 4.27: Design 1: Individual chips separated from the wafer for characterization.
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Figure 4.28: Design 2: Released microscanner that are kept at wafer level for future verti-
cal wafer-level integration: (a) Photograph of the wafer, (b) Zoom on one structure.

4.4/ PERSPECTIVES

The success of the silicon based strategy gives an insight on adapting the flow chart for
the glass integration strategy. Indeed, the use of thermal oxidation of the wafer to pro-
tect the front side is an effective solution to protect the front side before the back side
etching. The thermal oxidation cannot be realized if the glass support is already on the
wafer because the temperature used for oxidation would lead to the destruction of the
glass. Then, the glass must be integrated after the oxidation. In this case, the complete
etching of glass would also etch the thermal oxide. A new solution is proposed and the
corresponding flow chart is shown in Fig. 4.29. The idea is to etch the glass after the
back side etching which is possible without releasing the structure as the glass can be
used as a mechanical support layer. The first steps are identical to the “spider strategy’
and consists in the fabrication of the comb structures and the mechanical parts in the de-

vice layer followed by the oxidation of the wafer(step (a-e)). Then, the glass is protected
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by deposition of parylene combined with photolithography and dry etching in the areas
facing the silicon cavities (step (f)). This layer will serve as a mask during the last HF
vapour releasing step (step (n)). In step (g), the glass wafer is anodically bonded to the
SOI wafer. In a next step, lapping and polishing are performed to obtain the 25 yum thick
layer of glass. At this stage, it is easy to realize the back side DRIE, with a resist mask
realized by photolithography, because the front side of the wafer is flat (step (j)). Then,
the use of a support wafer and oil, that can potentially contaminates the wafer, is not
needed. Finally, the glass surface is protected with the mask developed for HF etching of
glass (Cr/Au/Cr/Au/SPR) and etched in 49% HF in order that a thin layer is remaining
to prevent the release of the structure (step (1)). As a last step, the double metal layer
mask is removed and replaced by a layer of parylene to protect the glass from the HF
vapour etching that follows and which removes both the remaining thin layer of glass,
the BOX and the thermal oxide (step (n)). The protective layers in parylene, on the front
side and the back side of the glass disks, are removed by oxygen and argon plasma. The
very last step consists in depositing the micromirrors and the contact pads through the
shadow mask (step (0)). This flow chart has been analysed in terms of risks and a total
risk factor of 80 has been obtained. This total risk factor is much lower than the two other
flow chart concerning the integration of the glass support. Therefore, this new solution is

very promising.
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Figure 4.29: Flow chart of a new technology in perspectives: (a) oxidation of SOI wafer
(800 nm), (b) photolithography and ICP DRIE for structuration of SiO; layer (Mask 1), c)
photolithography of S1828 photoresist layer (Mask 2), d) first DRIE, e) removal of Mask
2 and Second DRIE, f) oxidation of the wafer (200 nm) to protect front side during back
side release followed by back side DRIE with thick photoresist mask, (g) sputtering of
aluminium on the glass wafer, (g) anodic bonding, (h) lapping an polishing, (i) back side
photolithography, (j) DRIE of the handle layer, (k) sputtering of Cr/Au/Cr/Au/SPR 220
mask on glass, (1) 49% HF wet etching of glass, (m) removal of Cr/Au/Cr/Au/SPR 220
mask and deposition of photoresist on the glass, (n) vapour HF etching of the silicon
oxides, (0) removal of the protecting layers and sputtering of Cr/Au (10 nm /150 nm) by
sputtering though physical mask.
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4.5/ CONCLUSION

In this chapter, standard microfabrication processes as well as the cleanroom environ-
ment have been introduced to better understand the possibilities of microfabrication. A
method to analyse the risk linked to the succession of different technological steps is pro-
posed and applied to our proposed technologies. Consequently, three different techno-
logical flow charts have been presented. Associated with each technological flow chart, a
risk analysis has been performed to identify the critical steps of the flow chart. Two out of
the three flow chart aims to integrate a glass disk to support micromirrors onto the silicon
actuated platform. The first strategy, based on the combination of spray coating and pro-
jection photolithography, has been successfully implemented up to the releasing step and
gives a new suitable solution for high topology surface glass integration. The alignment
precision obtained is submicrometric. The second strategy based on a Cr/Au layer used
for both thermocompression and protection of the BOX during HF etching of the glass
has not been successful and would need further optimisation to be used. However, for
these two technologies, the releasing step is critical and must be optimized to limit the
deterioration of the optical quality of the glass support. Finally a third flow chart, target-
ing the fabrication of a silicon based design microscanner for which the micromirrors are
suspended, has been successively tested and is a good compromise for optically trans-
missive structure. The critical steps, such as the protection of the device layer during the
back side release etching and the deposition of the micromirror, have been overcome and
solutions are given to reduce the risks. For example, to protect the front side during the
back side release etching, the device layer is firstly thermally oxidized and the quality of
micromirrors is insured by depositing the metal layers through a shadow mask as a last
step of the process. It is also important to highlight the fact that the process developed is
highly stable and reproducible. Finally, a new strategy of fabrication for the integration of
the glass disks, using the advantages of the silicon based strategy flow chart, is proposed
as a perspective. The risk analysis of this last flow chart is much lower (80) than the two
first flow chart proposed (176 and 125). In the next chapter, the fabricated devices are

characterized.






5

CHARACTERISATION OF VERTICAL
MICROSCANNER AND ITS
INTEGRATION IN THE MIRAU
MICRO-INTERFEROMETER

To characterize a microcomponent with characterisation instruments which are adapted
for the macroworld, it is necessary to create an interface to connect them. First, an in-
terface between the microdevice and the macro-instruments used for the characterisation
must be implemented to either power the device or simply be able to handle it in an "un-
clean” environment without damaging it. Hence, the interface starts with the realisation
of an adequate packaging (printed circuit board (PCB) design, protective packaging,...).
In this chapter, the packaging of the microsystem, at the chip level, is discussed and then
the characterisation of the device in terms of optical quality, actuation and sensing is de-
scribed. The principle of each measurement and of the instruments of characterisation
are explained prior to the results presentation. The characterisation results are analysed
and compared to the design, the simulation and the fabrication expectations. Then, the
integration of the vertical microscanner into the Mirau interferometer is discussed and,
finally, the vertical microscanner is characterized again to evaluate the performances de-

terioration consecutive to the assembly.

159
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5.1/ PACKAGING OF THE VERTICAL MICROSCANNER

5.1.1/ DESIGN OF PRINTED CIRCUIT BOARDS

Our microscanner includes an electro-mechanical actuation system. Then, electrical
power must be applied to drive the actuators whereas the sensing must be connected to a
capacitive read-out circuit. Each fabricated chip is wired to a first PCB, referred to as the
MOEMS PCB. The latter is connected through board-to-board vertical pin through-hole
technology (THT) connectors to another PCB, referred to as Mother PCB, which integrates
the bulky SMA (SubMiniature Version A) connectors. A coaxial cable (SMA to BNC, Bay-
onet Neill-Concelman) is used to connect the Mother PCB to an external controller. The
advantage of using two PCBs is to keep the Mother PCB fixed in the setup while the
MOEMS PCBs are exchangeable so that different chips can be easily characterized (Fig.
5.1).

(a) (b)

Wire bonding
MOEMS Z-scanner
MOEMS PCB

VIA connections to
drive the actuators

Mother PCB

Figure 5.1: Images of the connected microscanner chips: (a) MOEMS PCB, (b) MOEMS
PCB connected onto the Mother PCB.

The chips are first fixed with glue on the MOEMS PCB to enable the wire bonding be-
tween the chip and the PCB. The contact pads, present on the chips, are designed as
squares whose dimensions are 750 um x 750 ym (Fig. 5.1 (a)). Wire bonding is realized
with thin gold wires (25 pm in diameter) that are wedge bonded on the contact pads of
the device and ball bonded on the contact pads of the PCB. Wedge bonding is mainly
based on ultrasonic power and force, whereas ball bonding is based on the creation of a
small gold ball by heating the end of the wire with a high voltage. The end of the wire
is lowered to the surface and the combination of heat, pressure and ultrasonic energy

enables the bonding. The parameters used for the ball bonding are given in Tab. 5.1.
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Table 5.1: Parameter used for the wire bonding of the chip to the PCB.

Ball bonding | Wedge bonding
Ultrasonic power (mW) 200 250
Time (ms) 250 250
Force (mN) 400 400
Temperature (°C) 120 120

Then, standard macro soldering is realized to connect the vertical pin connector on the
MOEMS PCB. In parallel, the Mother PCB is fabricated to allow the driving of the actua-
tor. The four actuation signals are separated but jumpers can be positioned to apply the

same signal to all the actuators (Fig. 5.1 (b)).

5.1.2/ DESIGN OF A PROTECTING CAP WITH TRANSPARENT WINDOW

The electrostatic actuator is based on comb fingers that are separated by a small gap
(5 pm). Moreover, the vertical microscanner includes an array of micromirrors. Then,
the microsystem is very sensitive to any contamination, including dusts that can dete-
riorate the surface quality of the micromirror but also block the actuator. Therefore, an
aluminium protecting cap has been designed and fabricated. The cap is simply screwed
onto the PCB and a transparent windows is glued on top of the cap to allow optical mea-

surements (Fig. 5.2).

Figure 5.2: Protecting cap in aluminium with a transparent window on the top to allow
optical characterisation.
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5.2/ CHARACTERISATION OF THE OPTICAL QUALITY OF THE SUR-
FACES

5.2.1/ MEASUREMENT PRINCIPLE

An optical surface can be characterized in terms of roughness and deformation, i.e devi-
ation from the planar shape. Both parameters are a variation in height of the surface but
roughness represents the high spatial frequency variations whereas the deformation, or
the waviness, corresponds to the lower spatial frequency variations. The surface rough-

ness, referred to as R,, is defined by:

1 n
Ro=23 il (5.1)
i=1

where y; are the vertical deviations of the surface profile from the mean height.

The vertical deviations taken into account are the ones whose period is smaller than the

defined cut-off wavelength.

White light interferometry is used to measure the surface profile and retrieve the vertical
deviations. White light interferometry is a type of low coherence interferometry using
a white light source. As explained in Sec. 1.2.1.1, the reference mirror moves in time
domain and constructive interferences are detected when the optical path difference be-
tween the two arms of the interferometer is smaller than the coherence length. Thus, it is

possible to reconstruct the topography of the surface.

In this thesis, the MEMS Analyzer (MSA-500), from Polytec, is used. This commercial
equipment includes several modules, one of which is a white light profilometer. This
system uses a Mirau objective to create the interference pattern. The reference mirror is
fixed and the objective is moved thanks to a piezoelectric stage to change the optical path
length of the measurement arm. The movement of the piezoelectric stage has a minimum

step height of 85 nm.

5.2.2/ MEASUREMENT RESULTS

The ”projection photolithography” strategy has enabled the integration of a glass sup-
port for the micromirrors onto the silicon platform. Both the glass support and the mi-
cromirrors fulfil optical functions, i.e. light transmission and beam reflection, respec-
tively. Therefore, the surface quality of the glass disks is studied to evaluate its planarity

and its roughness. The topography measurements of glass disks, using the white light
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interferometry module of the MEMS Analyzer (MSA-500, Polytec), are done before and
after the release of the actuated platform (Fig. 5.3 (d)). The results show that, before the
release, the backside surface of the membrane is slightly convex with an amplitude of 13.4
um. After the membrane release, front and back sides of the glass disks are asymmetri-
cally convex with amplitude of 7.5 ym and 4.1 um, respectively (Fig. 5.3). These results
might indicate a small underpressure inside the cavity below the glass disk after anodic
bonding. This leads to the membrane deformation, which increases during mechanical
thinning of glass. Although this deviation is small compared to the membrane diameter
(0.4%), it must be taken into account in the optical design. Indeed, the glass disks plays
the role of an additional lens and are responsible for a defocus. The defocus in the object
arm can be easily adjusted by stitching vertically the Mirau interferometer. However, it
must be compensated in the reference arm by adjusting the thickness of the spacer placed
between the micromirrors and the beamsplitter. Future tests must be performed to try to
understand and minimize the effect of the pressure in the cavity on the deformation of
the glass support. In particular, the parameters of pressure during the anodic bonding
must be tuned. Measurement of glass surface with mechanical profilometer shows that
the glass roughness does not increase during the process (Ra<10 nm before and after

processing of the glass).
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Figure 5.3: Characterisation of the glass disks surface: 2D graph of the surface topog-
raphy of the glass disk front side (a) before and (b) after release, (c) topography profile
along the A-A’ line of the front and back side of the glass disks before and after the release
and (d) shematic of the chip before and after release.



164 CHAPTER 5. CHARACTERISATION AND ASSEMBLY

The quality of the micromirrors is characterized in terms of roughness and reflectivity
of the Cr/Au layers deposited on test sample. Optical profilometer using white light
interferometry is used and a surface average roughness (S;) of 3 nm and a 1D average
roughness (R;) of 1.7 nm are measured when using a cut-off wavelength of 0.25 mm.
The flatness of the micromirror is also important for the OCT application. The profile
of the mirror is shown in Fig. 5.4 and a radius of curvature of 700 mm is measured by
polynomial fitting of the curve. This static deformation of a single reference micromirror
does not affect the optical system since its maximal deformation (52 nm) is much smaller
than the axial resolution of 6 yum. Finally, a high reflectivity of 97 % is measured for

different incidence angles at A=850 nm.
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Figure 5.4: Vertical deformation of a single micromirror along its diagonal.

5.3/ CHARACTERISATION OF THE ACTUATION

5.3.1/ MEASUREMENT PRINCIPLE

The actuation function of the microsystem is first characterized based on laser Doppler
vibrometry (LDV). This principle is based on the Doppler effect that is a frequency shift
of the light backscattered by a surface moving in the direction of the travelling light. The

frequency shift is related to the moving surface velocity according to:

fp=2x % (5.2)

where fp is the Doppler frequency shift, v is the moving surface velocity and A is the

wavelength of the light.

As a result, if the frequency shift can be measured, the velocity of the moving surface can
be retrieved. This type of measurement is typically useful for out-of-plane displacement.

To sense the Doppler shift, a laser interferometer is used. The typical setup used for
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LDV includes an acousto-optic modulator, usually a Bragg cell, in one of the arms of
the interferometer (Fig. 5.5). The acousto-optic modulator shifts the light frequency (30-
40 MHz). Then, the signal detected, which is the interference between the light coming
from the reference and the object arm, is modulated by the Bragg cell frequency and the
Doppler frequency. The light frequency, typically superior to 10", is higher than the
response of the photodetector. Then, the carrier frequency of the detected signal is the
Brag cell frequency and the modulation frequency of the Doppler frequency. Finally, the

signal is demodulated and the velocity of the moving surface is derived.

fo fo

Reference mirror —> BS &
Detector
»
fot+fp+fy
fo ¢ fotfp+fy
Laser Bragg cell Sample
BS > BS —>
fotfy fot+p

Figure 5.5: Laser interferometer for laser Doppler vibrometry. BS: Beam splitter, fo, f3,
fa are the the frequency of the laser, the shift of the Bragg cell and the Doppler shift,
respectively.
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Figure 5.6: MEMS analyzer setup for the displacement characterisation: (a) Schematic of
the connections, (b) Photograph of the setup.

The MEMS Anlayzer MSA-500 has a scanning laser Doppler vibrometry module that is
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used for the characterisation of individual chips. The setup is shown in Fig. 5.6. Two
different controllers can be used to either retrieve the velocity or the displacement infor-
mation. Here, the displacement controller is used to directly obtain the displacement of
the actuated platform. The function generator is provided by the Junction Box whereas an
amplifier is used to amplify the signal if needed. Finally, for time domain measurements,
the excitation signal is used as a Trigger (Fig. 5.6 (a)). Quasi-static and dynamic measure-
ments are realized. Note that adequate filters are used to stabilize the signal during the

measurements.

Finally, the vertical microscanner chip characterized here has the spring parameters

given in Tab. 5.2.

Symbol | Description Value
w Beam width 30 um

t Beam thickness 40 ym

li =a | Beam 1 length 90 um

I =b | Beam 2 length 2610 um

I3 =a | Beam 3 length 90 um

"‘1 ..... Iy =c | Beam 4 length 2820 um

I ‘ k. Vertical stiffness | 6.8 N/m
3 (Calculated)

C

Figure 5.7: Asymmetric springs dimen- Table 5.2: Design parameter of the asymmet-
sions. ric springs.

5.3.2/ DYNAMIC MEASUREMENT

Dynamic measurements consist in analysing the spectral response of the system. The
excitation signal used is a sinusoidal chirp, with equivalent energy for each swept fre-
quency, applied to all actuators. The resonant frequency and the quality factor can also
be calculated based on the free oscillation response of the system. In this case, the sys-
tem is simply excited by a voltage step. The first resonant frequency, which corresponds
to a piston mode, is measured at 543 Hz based on the spectral response. Using the free
oscillation method, a resonant frequency of 554 Hz is measured. However, this measure
is less precise because the time between two measurements is set to 1.10™4 s. The quality

factor of the system is 50 based on calculations with the spectral response (-3 dB) and the
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free-oscillations characterisation (exponential decrease, damping=0.01) (Fig. 5.8 and 5.9,
respectively). For such a large platform, this quality factor is relatively high compared
with the 3x3 array of individually driven micromirrors presented in [136], for which the
quality factor of each micromirror is 41. The measured resonant frequency corresponds
to a vertical spring stiffness of 7.2 N/m, which is coherent with the simulations, if we
take into account mass = 2.46.107° kg. Finally in Fig. 5.8, the peak corresponding to the
second and third modes cannot be seen because it is too small when symmetric actuation
is provided by driving of the four actuators. Then, the torsional modes will not interfere

when piston mode vertical actuation at the resonant frequency is performed.
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Figure 5.8: Spectral response analysis of the device: (a) displacement, (b) phase.
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Figure 5.9: Free oscillation in response to a square signal (0-5 V).

For the phase shifting, it is important to know the displacement amplitude of all the
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micromirrors. The dynamic displacement of the platform at resonant frequency was
investigated at different points of the platform, i.e. at the center position of the four
micromirrors (see Fig. 5.6,(b)) forming a quarter of the platform (Fig. 5.10). The actuation
voltage is set to V; = 1+ 1 x sin(wopt) V for all the actuators. Note that the electrostatic
force is proportional to the square of the voltage. Then, with the applied voltage V;,
the obtained force is a sum of a DC force, a force proportional to sin(wpt) and a force
proportional to sin(2wot + g) Here, the quality factor Q of the first mode (wp) is much
higher than the one of the harmonic (2wy) so that the signal in sin(2wgt + 7 ) is negligible
and the electrostatic force is synchronous with the driving voltage. However, by defini-
tion, the displacement of the platform and the actuation force have a phase difference
of 7 at the resonance. The measured displacement, much larger than the targeted
one, shows the great potential of this microscanner for medical imaging applications.
Indeed, actuation performed with small voltages is particularly important since the
device is in contact with the patient. The displacement of the micromirror in the middle
of the platform is 70 nm higher than the one next to the spring because of the vertical
mechanical deformation of the suspended platform. Sasaki et al. studied the impact of
the error of the displacement amplitude on the sinusoidal modulation in interferometric
applications [22]. This displacement of 70 nm is within the tolerances presented in the

article.
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Figure 5.10: Vertical displacement of the micromirror under dynamic driving voltage: (a)
Mirror 1, (b) Mirror 2, (c) Mirror 3, (d) Mirror 4.

5.3.3/ STATIC MEASUREMENT

Quasi-static measurements were done by applying simultaneously a square signal to
the 4 actuators at very low frequency (10 Hz) so that Doppler vibrometry could be

used. The static displacement is retrieved as a function of the peak-to-peak amplitude
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of the excitation square signal, between 0 V and the actuation voltage (0 - 40 V). Due
to a limitation of the internal excitation signal of the MSA-500, an external amplifier is
connected between the signal excitation output and the MOEMS (Fig. 5.6 (a)). The static
displacement is plotted as a function of the applied voltage for voltages between 0 and
40 V in Fig. 5.11. The amplitude of vertical displacement is measured between 0 and
approximately 2.8 um, slightly depending on the gap fingers. Though, the measured
static displacement curve is closer to the simulated curve obtained for 4 um gap between
moving fingers. This result is consistent with the SEM measurements of the fabricated

structures that show a finger gap close to 4 pum.
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Figure 5.11: Static displacement as a function of applied voltage, measured by Laser
Doppler vibrometry.

5.4/ CHARACTERISATION OF THE SENSING

5.4.1/ MEASUREMENT PRINCIPLE

The sensing function is based on a change in capacitance between the comb fingers when
the platform is moving. Moreover, a differential capacitance design is implemented in
our vertical microscanner. The change in capacitance to measure is very small (few fF) so
that the design of an adequate read-out circuit is not trivial. Different solutions are pos-
sible. In [133, 134], two different commercially available capacitive read-out circuits are
used. In this thesis, we have chosen to work with an impedance analyzer. The impedance
analyzer used is the Agilent HP 4194A, whose measurement method is the auto balanc-
ing bridge. The capacitance range of this equipment is from 10 fF to 0.1F with a maximum
resolution of 0.1 fF. However, capacitance measurement is always very sensitive to para-
sitic capacitance due to the testing circuit and the environment, then special care is taken
in the elaboration of the measurement setup. Figure 5.12 shows the setup realized for

the measurement of the capacitance. The device under test is directly connected to the
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“low” and “high” inputs of the impedance analyzer. The equipment enables to choose
different parameters such as the integration time of the measure, the number of measure-
ment for averaging, the frequency range (100 Hz - 40 MHz) and the oscillation level of
the impedance analyzer. Moreover, the continuous polarization of the micro-actuators is
obtained by an association of batteries in series (5 x 9V) to limit noise effects during the

measurements. The polarization is increased manually step by step between 9 and 45 V.

Impedance analyzer

Connection wires between
Mother PCB and

Device under test

Battery Device under test

Connection wire to drive
the actuator

Figure 5.12: Setup for the characterisation of the capacitance sensing.

5.4.2/ MEASUREMENT RESULTS

The impedance analyser is used to measure successively the capacitance of the different
sensors as a function of the applied voltage. A high nominal capacitance was measured
around 50 pF with a precision of &5 fF. This can be explained by parasitic capacitances.
However, here, the variations of the capacitances are interesting to retrieve the verti-
cal displacement. Therefore this nominal capacitance, i.e. the capacitance measured at
Viactuation = 0 V, which is stable during the measurement time, has been subtracted from
the measured values. The measures were taken at f = 1.1 MHz, and eight measures
were used to obtain each average value. The oscillation level of the impedance analyser
was set to 0.5 V. The capacitances were measured as a function of the applied voltage
and then retrieved as a function of the vertical displacement using the results presented
in Fig. 5.11. The differential capacitance of each sensor, i.e. the capacitance of Configu-
ration 1 minus the capacitance of Configuration 2, is plotted as a function of the vertical
displacement in Fig. 5.13. The sensitivities for each sensors correspond to the simulated
sensitivity for a gap of 4 um, i.e. 27 fF/um. One of the four sensors has a higher sensi-
tivity of 36 fF/um. One explanation is that the platform is slightly tilted toward the side
corresponding to this sensor creating an offset. Also a local structural defect can explain

such a small increase of the sensitivity.

The results of the characterisation of the vertical microscanner are summarized in Tab.
5.3 and have been published in [156].
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Figure 5.13: Measured differential capacitance for each sensor of a chip and their corre-
sponding sensitivity: (a) Sensor 1, (b) Sensor 2, (c) Sensor 3, (d) Sensor 4.

Table 5.3: Parameter of the vertical microscanner after characterisation.

Components Parameters Values
Micromirror Roughness 3nm
Reflectivity 97 %
Radius of curvature 700 mm
Glass support Roughness <10 nm
Vertical deformation (Top/Bottom) | 7.5 um/4.1 ym
Microscanner Resonant frequency 543 Hz
Quality factor 50

Sensing sensitivity

~ 27 fF/um
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5.5/ INTEGRATION OF THE MICROSCANNER IN MIRAU INTER-
FEROMETER

5.5.1/ DISCUSSION ON TECHNOLOGICAL PROCESSES ADAPTED FOR VERTICAL
INTEGRATION

The array-type Mirau micro-interferometer is composed of a matrix of lenses doublets,
the vertical microscanner, a planar beam splitter and spacers, as shown in Fig. 5.14. The
fabrication of these components at wafer level enables their collective vertical integration.
Moreover, the choice of the technological techniques involved in the fabrication of the
microcomponents as well as in the integration processes must be discussed in parallel
to take into account the limitations of all the steps. This section aims to introduce the
technology used to fabricate these components, using microfabrication techniques, as

well as the integration steps.

Si J140 uym

Doublet of microlenses Glass si 1297 }lg

= T T D Ghas—9 Hm

Vertical microscanner = o 541.5 pm
5, S 1
Spacer GlasQ 3 mm

Beamsplitter Glass 1500 pm

Electrical connections -

Figure 5.14: Simplified cross-section view of the Mirau micro-interferomter stack.

First, the choice of the bonding technology must guarantee optimal optical properties
after the bonding. More specifically, the surface quality of the optical microcomponents
(beam splitter, micromirrors and microlenses) and the alignment precision are key pa-
rameters for the optical system. Here, most of the interfaces are composed of silicon and
glass which makes possible the fabrication of optical components but which is also com-
patible with anodic bonding. The latter technology has another advantage which is that
it does not require an intermediate layer. Typically, anodic bonding is realized by heat-
ing the substrates between 300°C and 500°C and applying a voltage between 400 V and
1500 V for a time up to 90 min. Note that, to make the glass compatible with silicon, its
thermal expansion coefficient must be close to the one of the silicon, so that they can be
bonded together by anodic bonding. In this optic, glasses highly concentrated in alkali
ions (borosilicate glasses) are used. For example, Borofloat glass has a thermal expan-
sion coefficient close to silicon which leads to a reduction of the stress after bonding. The

microfabrication technologies, used to fabricate the microcomponents to be integrated,
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must be compatible with these conditions.

The miniaturization of lenses has been developed since decades leading to well mas-
tered techniques for wafer-level integration. Lenses techniques can be separated in two
categories: contactless fabrication or fabrication thanks to a mold that is pre-fabricated.
Contactless fabrication techniques are usually based on the reflow of a pillar, whereas
the second technique is based on the prefabrication of a mold that is used to create a
microlens. Based on these methods, polymer microlenses have been widely developed.
Polymer reflow and its numerous evolutions are now widely used due to its relative eas-
iness to be fabricated[157, 158, 159]. The drawback of polymer lenses is that they cannot
tolerate harsh environment such as high temperature and are more eager to be degraded
with time, whereas glass microlenses are more stable. In our case, these considerations
are really important since the microlenses are meant to be integrated by anodic bonding.
Therefore, a focus is done on microlenses, made of borosilicate glass, that have a great
potential for MOEMS, i.e. the monolithic integration of both optical and mechanical part
on a same substrate. A “molding” technique based on the reflow of glass in silicon molds
have been developed by Albero et al. [160]. This technique is of great interest because it
can achieve higher numerical aperture with large diameter than contactless reflow tech-
niques; however, the surface quality highly depends on the surface quality of the molds.
The advantage of the contactless method is the good surface quality of the obtained mi-
crolenses but this method limits the achievable numerical aperture and diameter. In Fig.
5.15, three different techniques for the fabrication of microlenses are presented. Firstly, in
2003, Merz. et al. published a technique based on the reflow of glass in silicon cavities.
This technology is interesting because the lenses obtained are monolithically integrated
onto the silicon wafer. This technique has been also used for the realisation of a Mi-
rau interferometer for MEMS metrology [161]. In 2008, two groups, Yang Chen et al.
and Sung-Kil Lee et al., published another solution to fabricate glass reflowed microlens
[162, 163]. Both strategies of fabrication are based on the construction of glass pillars,
followed by a reflow at high temperature. In those articles, the structuration of glass is
done by compression molding or wet etching. Moreover, Sung-Kil Lee ef al. proposed a
solution already compatible with the monolithic integration on silicon. The reflow based
technique also enables the fabrication of ball micro-lenses as it has been shown by Dong-
Whan Lee et al.. These works have recently conducted to a publication demonstrating
the monolithic integration of glass microlenses on a silicon scanner using two successive
thermal reflows, first to structure the glass as pillars and then to form the microlens [153].
Here, the fabrication technology of the dense array of mm-size lenses is based on the
reflow of glass in a cavity in which the pressure is lower than the atmospheric pressure
[140]. The pressure difference creates a vertical force which, combined with the reflow of

the glass, leads to the creation of a lens once the concave side is polished. When used for
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a dense matrix of lenses, a specific design is used to enable an homogeneous deformation
of the glass across the dense matrix. Moreover, the silicon wafer, used during the fabrica-
tion of the microlenses, is kept partially to serve as a spacer and an aperture stop in the
final device.

(@) (b)

Glass molding "

with glassy

carbon mold =
Molding B
Molded glass e ey

Thermal reflow ety

(a) Anodic Bonding (b) Glass Thinning (¢) Cr/Au Deposition
& PR Patterning

(d) Cr/Au Patterning  (e) Glass Patterning  (f) Thermal Reflow

(g) SiNx Deposition (h) SiNx Patterning (i) Backside etching
(5% TMAH)
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Figure 5.15: Three different process of fabrication of glass micro-lens: (a)[162], (b)[164],
(o)[163]

The beam splitter can be realized with successive depositions of thin dielectric layers on
a glass substrate. Thus, different types of beam splitters can be microfabricated such as

polarizing beam splitter [165, 166] but also more advanced beam splitters based on the
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deposition of dielectric layer on already micromachined 45 ° beam splitters [167]. For
example, the Mirau beam splitter can be made of mono- or multi-layers of silicon oxyni-
tride (SiOxNy) deposited by PECVD a glass substrate [64]. The multi-layer structure is a
stack of alternate high and low-index thin films, all one-quarter-wavelength thick (often
referred as Bragg reflectors). By doing so, reflected beams encounter a phase shift at the
different boundaries (only from high to low-index layers) as well as during propagation
so that they can interfere constructively or destructively. Since the absorption in such
layers is negligible, we consider that no energy is lost. Depending on the beam-splitting
ratio required, the number of layers, as well as their refractive indices, have to be
adjusted. Here, the beam splitter has been realized by sputtering a TiO, layer, which is
sufficient to reach 70/30 splitting ratio under normal incidence. Moreover, using only

one layer ensures a higher tolerance with respect to wavelengths and angle of incidence.

Finally, the spacers, which are 3 mm thick, are made of glass because it can be structured
by ultrasonic drilling and it is also compatible with anodic bonding.
In conclusion, all the components of the micro-interferometer can be microfabricated and

hence they can be adapted in the wafer-level integration strategy.

5.5.2/ COMPATIBILITY BETWEEN THE MICROSCANNER AND THE BONDING
TECHNIQUES

The vertical integration of the doublet of lenses, the vertical microscanner, a spacer and
the beam splitter has been performed at the Fraunhofer Institute ENAS in Chemnitz. The

different components to integrate are shown in Fig. 5.16.

) Doublet of lenses

“<«Microactuated micromirrors

<—Spacer

<Planar beam splitter

Figure 5.16: 3D schematic representation of the micro-optical components involved in the
vertical integration of the Mirau interferometer.

The bonding temperature is kept lower than 400°C to be compatible with the metallic
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and dielectric layers of the micromirrors and beam splitter. Note that the spacer must in-
tegrate openings to access the contact pads of the vertical microscanner from the bottom
of the stack. Finally, the last interface, between the beam splitter and the spacer, is a glass-
glass interface that is anodically bonded by depositing an aluminium layer on the spacer
surface. For the Mirau micro-interferometer, the most fragile and sensitive component
is the vertical microscanner. To further decrease influences of temperature and bonding
process on the microscanner, the beam splitter and the spacer are first bonded at 500 V.
The stack obtained is bonded to the microscanner in a second step at 600 V and 320°C.
Finally, the doublet of microlenses is integrated to the stack. This sequence of bonding
has been tested several times. The first tests with blank wafers have shown good results.
However, for one of the final demonstrator with functional wafers, the last step of bond-
ing has required a voltage up to 1000 V to realize the anodic bonding. The result is shown
in Fig. 5.17.

(a) Array of lenses (b)

Array of

' 1 Beam splitter
micromirrors

Figure 5.17: Fabricated Mirau stack at wafer level: (a) top side with the array of lenses,
(b) bottom side with the array of micromirrors visible through the beam splitter and the
openings of the spacer.

A first conclusion is that the electric field, generated by the potential difference applied
between the bonding interface, does not lead to a displacement of the microscanner high
enough to break the silicon springs. A second conclusion is that the quality of the mi-
cromirror is sometimes deteriorated. This phenomena has been observed inconsistently
so that it is hard to explain what is the source of the degradation. Our hypothesis is that
both the temperature but also the “age” of the layer have an impact. The temperature can
cause a migration of titanium or chromium ion in the gold leading to a degradation of the
mirror quality. Moreover, it seems that some gold layers deteriorates with time. Further

tests must be conducted to understand this phenomena and stabilize the gold layer.
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5.5.3/ COMPATIBILITY BETWEEN THE MICROSCANNER AND THE DICING TECH-
NIQUES

Once the optically functionalized wafers are integrated, the vertical stack must be diced
into chips. There are several dicing techniques that are used for wafer dicing. The most
common technique is saw dicing. Conventionally, MEMS are first diced and then released
to protect them from the sawing process. This is called die level packaging. Alterna-
tively, wafer level packaging consists in, first, releasing the MEMS, then, realizing wafer
bonding to protect the released MEMS, and finally, performing dicing. In this sense, our
MOEMS microscanner has been packaged at wafer level and is encapsulated inside the
stack. However, saw dicing is not possible in our case because the encapsulation is not
fully hermetic while this method uses cooling water. Indeed, the isolation trenches, re-
alized to isolate the micro-actuators and the microsensors between each others, creates
a path for the dicing cooling solution to penetrate inside the Mirau stack. Figure 5.18
shows a 3D view of the vertical microscanner around the dicing line. The schematic illus-
trates the possible access for the dicing solution to the Mirau cavity through the isolation
trenches (shown in green). These isolation trenches are outside the Mirau cavity because
the contact pads must be outside the cavity to connect the vertical microscanner with the
outside world. The trenches are 40 um deep and 100 um large. The tests have shown that
the dicing solution does penetrate inside the cavity. In this condition, the electrostatic

vertical microscanner cannot be used.
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Figure 5.18: 3D view of the vertical microscanner isolation trench with the glass spacer
bonded to it and the opening windows to access the contact pads.

To overcome this issue, fabrication can be changed to ensure embedded insulation
trenches, keeping the top surface flat. For example, the trenches can be filled partly or
completely with silicon dioxide or polymer. Though, these solutions are not trivial and
further discussion is necessary to integrate such a process in the flow charts. However,
two other solutions are possible to deal with these trenches. The first possibility is to seal
the isolation trenches and the second one is to use a dry dicing technique. To fill in the
trenches, a polymer such as a photoresist can be dispensed at the interface glass-silicon.
However, the dispensing is critical because the polymer must not cover the contact pads
that are close to the dispensing site (Fig. 5.18). Figure 5.19 shows several tests of glue
dispensing using different wires. The images show that the result is satisfactory, but it is

manual and thus time consuming and not compatible with industrial production.
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Penetration of water during  Stiction of comb finger
dicing due to water in the
Mirau chamber

Figure 5.19: Test for glue dispensing to fill the trenches: (a) Image of the Mirau stack to
show the entrance of water in the Mirau chamber, (b) Stiction of the comb fingers due to
water in the Mirau chamber and (c) results of the glue dispensing using a wire (200 um),
three different optical fibers and a syringe (400 pm).

Consequently, the second solution, based on laser cutting, has been tested. Laser cutting
is widely used for wafer dicing and has the advantage that it does not require a cooling
liquid. In our case, this method is still a challenge because of the high thickness of the
Mirau micro-interferometer stack (4.9 mm) and its multi-material property. Taking into
account these two parameters, the laser dicing has been performed in two steps at the
Fraunhofer Institute (Chemnitz); a first step to partially dice the stack from the top (2 mm
deep) and a second step from the top to complete the dicing (3 mm deep). The laser cut
has a maximum vertical shift of 600 um between the top and the bottom of the cut which
is acceptable as there is a space of 1.8 mm between two chips. The chip is protected from

generated dust with thermal tapes at the top and the bottom of the stack. Still, a lot of

dust sticks onto the gold pads. To clean the gold pads, wet cleaning is required (Fig. 5.20).
(@) (b)

Figure 5.20: Gold contact pad (a) after laser cutting and (b) after cotton swab (some are
scratched away).

Finally, the first solution consisting in filling the trenches with polymer is adopted to en-
able wet cleaning of the gold pads. The polymer is hardened by thermal treatment at 150
°C during 30 minutes. In the future, the dispensing of polymer could be used before saw

dicing to facilitate the dicing that is time consuming (70 min/chip) and expensive when
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laser cutting is used. Finally, the chips are cleaned and prepared for flip-chip bonding.
Flip chip bonding is realized between the Mirau contact pads and a PCB with gold stud
bumps. A specialized tool is used to handle the Mirau micro-interferometer and maintain
the PCB. However, the gold stud bumps on the PCB have not all the same height (varia-
tion up to 30 um) which does not allow a good connection. Therefore, silver-filled epoxy
(EPO-TEK H20E), which is specifically designed for chip bonding, is used. Moreover, to
insure a good mounting of the Mirau micro-interferometer on the PCB , low-stress die at-
tach adhesive (DELOMONOPOX) is applied at the corners of the chip and cured at 100 °C
during 30 minutes. Figure 5.21 shows photographies of the Mirau micro-interferometer

mounted on the PCB.

Mt

Figure 5.21: Photography of the Mirau micro-interferometer vertical integrated and
mounted on PCB: top view (a) general view and (c) zoom, and bottom view (b) general ,

(0), (d) .

The influence of the packaging steps on the micromirror quality have been monitored
along the different processes. Figure 5.22 shows a microscope image of four micromir-
rors after anodic bonding, after laser cutting and after flip-chip bonding. A significant
degradation of the micromirror quality with the apparition of black dots is observed. As
explained before, this degradation is not consistent for all the micromirrors and further
tests must be conducted to clearly understand the phenomena. Though, the degrada-
tion appears clearly on Fig. 5.23 which shows topography of the surface before and after

the assembly processes. Moreover, in terms of vertical deformation, the micromirrors
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have not changed compared to the measurements realized before the vertical assembly.
The measurements are realized with the white light profilometry of the MEMS Analyzer.
Note that, to visualize the mirror surface, white light interferometry is realized through
the Mirau beam splitter. In order to compensate the beam splitter thickness, present in
the sample arm of the interferometer, a glass plate of the same thickness is introduced in

the reference arm of the Mirau objective of the MEMS Analyzer (Polytec).

<

Figure 5.22: Microscope image of four micromirrors: (a) after anodic bonding, (b) after
laser cutting and (c) after flip-chip bonding.

(@) _ _ (6)

Figure 5.23: Mirror topography measurements based on white light interferometry: (a)
before and (b) after assembly procedure.

5.5.4/ MICRO-SCANNER AS PHASE-SHIFTER IN THE OCT SYSTEM

Once vertically integrated at wafer level, diced and mounted on a PCB, the vertical mi-
croscanner is characterized a second time. Note that the microscanners, designed for the
integration at wafer level, are not the same than the one designed for the characterisation
at the chip level. Then, it is difficult to directly compare the results of the characteri-
sation. First, the spectral response of the vertical microsacnner is analysed (Fig. 5.24).
The first resonance frequency is measured at 485 Hz. Theoretically, the microscanner
characterized here has a first resonant frequency of 513 Hz. The difference between the
characterisation value and the simulation one is not negligible, though it is in the toler-
ances of our system. The difference is not trivial to explain but some hypothesis can be

made. First, the frequency depends on the mass and the spring stiffness that are highly
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sensitive to the device layer thickness. The tolerance on the device layer can be responsi-
ble for a variation of 4= 10 Hz. Moreover, the packaging process might have an impact on
the stress induced in the microstructure, resulting in a change of the resonant frequency.
The second peak is much higher than the one measured before integration on other chips.
However, the dynamic analysis of the microsystem is not perturbed by this second peak
at 724 Hz. Indeed, using the same method presented above, the dynamic displacement
under sinusoidal excitation is characterized. An amplitude of 350 nm is reached for a
electric signal equal to V = 2.5 + 1.5sin(wyt). Fig. 5.25 shows the recorded displacement
of the structure. This voltage will be used for the actuation of the microscanner used as a

phase-shifter in the OCT system developed.
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Figure 5.24: Spectral response analysis of the device after its integration into the Mirau
micro-interferometer: (a) displacement, (b) phase.
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Figure 5.25: Vertical displacement of the micromirror under an excitation signal equal to
V = 2.5+ 1.5sin(wot).
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5.6/ CONCLUSION

The vertical microscanner has been first characterized in term of optical quality of the
micromirrors and the glass support, the actuation and the sensing. A adaptive and pro-
tective packaging has been fabricated to enable the characterisation measurements at the
chip level. White light interferometry measurement have shown that the glass support is
deformed after releasing of the microscanner. The glass surface deformation changes the
focus length of the Mirau micro-interferometer and must be integrated in the optical de-
sign. The roughness of the optical quality (glass support and micromirrors) has also been
investigated and is lower than 10 nm which is suited for imaging purposes. Then, the
actuation function has been studied in dynamic and in static thanks to laser Doppler vi-
brometry. The resonant frequency measured is coherent with the expected one as well as
the displacement range as a function of the actuation voltage. Finally, the sensing func-
tion has been characterized by measuring the change of differential capacitance of the
sensor with an impedance analyzer. The results are coherent with the simulated ones. In
a second part, the vertical microscanner has been successively integrated into the Mirau
micro-interferometer. The vertical integration has been developed based on a sequence of
anodic bonding processes. The sequence order and parameters have been adapted to op-
timize the integration and prevent damages of the optical microcomponents. Moreover,
a method to dice the Mirau interferometer, integrated at wafer level, has been developed.
In order to avoid that the dicing solution penetrates inside the Mirau cavities, a dry dic-
ing technique has been privileged. Laser cutting has been used to dice the thick vertical
stack in two steps. However, the dust created during the process contaminates the con-
tact pads and wet cleaning has been necessary. Then, a system of polymer dispensing
to fill-in the trenches, which are responsible for the entry of liquids into the cavities, has
been developed. In the future, the dispensing of polymer could be used before saw dicing
to facilitate the wafer dicing that is time consuming and expensive when laser cutting is
used. Moreover, the micromirrors quality seems to degrade along the processes without
being able to understand the phenomena that is not consistent. Then, further tests must
be conducted to overcome this situation. Finally, the vertical microscanner has been char-
acterized in terms of actuation to check if the assembly processes have an impact on its

behaviour. The results show that the vertical microscanner works correctly.






CONCLUSION AND PERSPECTIVES

New biomedical imaging tools are necessary for skin imaging application. This field is
lacking of non invasive imaging tools, providing in vivo images, for the diagnosis and
the follow-up of skin pathologies and, in particular, skin cancers. Among the existing
technologies, optical coherence tomography (OCT) provides high resolution as well as
appropriate skin depth penetration. Moreover, the frame rate and the sensitivity of OCT
systems have been increased with the development of new techniques called Fourier do-
main OCT (FD-OCT) combined with phase-shifting interferometry techniques. However,
the existing commercial systems have two main drawbacks: they are bulky and expen-
sive. As a result, these systems are only affordable for the hospitals and thus, not suffi-
ciently used by physicians or dermatologists as an early diagnosis tool. We believe that
these reasons are responsible for the limited development of such systems in dermatol-
ogy, for which biopsies and histopathological studies continues to be the gold standard
despite a very high number of useless acts. Consequently, our first motivation was to de-
velop a miniaturized system in order to reduce both the cost and the size of the existing

systems.

In this thesis, the development of a vertical microscanner, adapted for the implementa-
tion of phase modulation in a miniaturized full-field array-type swept-source OCT, has
been presented. The swept-source OCT is a low coherence interferometry technique, in
which the light wavelength is swept and the spectral interferogram is recorded. A Fourier
transform of the recorded signal allows the reconstruction of the different tissue layers in
depth. Then, each acquisition provides a vertical scan line. Combined to full-field OCT,
each acquisition is extended to a vertical scan frame. Moreover, the array-type configu-
ration, proposed here, further increases the field-of-view imaged at each acquisition. The
vertical scanner is designed to be integrated in a Mirau microinterferometer. Its function-
ality is to move an array of reference micromirrors so that series of interferograms with
several phase differences can be recorded. Sinusoidal phase modulation is then used
to isolate the cross-correlation term from its mirrored terms, the auto-correlation terms
and from the DC term, improving the sensitivity. A position sensing function is also
embedded in the vertical microscanner to detect the position of the micromirrors and in

particular the amplitude of displacement.

Based on the state of the art of the actuation technologies, illustrated with examples from

185
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the literature reported in Chapter 2, the comb finger electrostatic principle has been cho-
sen for the implementation of both the actuation and the sensing. The advantage is that
this technology is relatively easy to fabricate (silicon based) and compatible with the spec-
ifications of displacement amplitude (~ 350 nm) and frequency (500 Hz) targeted by our
system. In parallel, the Mirau interferometer configuration is chosen for its good compat-
ibility with the multi-wafer integration technique. In particular, its vertical architecture
enables the superposition of the microcomponents with wafer level bonding techniques,
which insures accurate alignment. Though, this configuration also imposes an optical
transparent aperture around the micromirrors to let the light travels from the objective
lenses to the tissue. Therefore, the vertical microscanner, proposed in this thesis, is very
specific compared to most of the micromirrors presented in the literature, which works
only in reflection. According to these considerations, two designs are presented in Chap-
ter 3; one based on a glass support for the micromirrors and one based on silicon sus-
pensions to held the micromirrors. Simulations are conducted to evaluate the mechanical
behaviour of the vertical microscanner as well as the characteristics of the electrostatic ac-
tuation and sensing. The simulations results are used to optimize the design parameters
(number of comb fingers, spring parameters, mass of the actuated platform,...). The two

investigated designs are shown in Fig. 5.26.
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Figure 5.26: Vertical microscanner designs: (a) glass support design, (b) silicon suspen-
sions design.

According to the design and the simulation, adapted fabrication flow charts have been
proposed. The construction of the flow charts, along with the technological choices that
they involved, have been detailed. In particular, an analysis of the flow charts, based on
the risk analysis of each step, have been conducted to understand the main challenges
of each flow chart and identify the more critical steps. Three different technologies have
been investigated based on SOI wafers. The two first flow charts target the integration of
the glass support on the silicon microscanner.

The first explored strategy is based on the integration of the glass support followed by a
combination of spray coating and projection photolithography to pattern the high topol-
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ogy surface created by the glass support. The second strategy is to first pattern and struc-
ture the silicon to create the mechanical parts and then integrate the glass support by
Au/Au thermocompression. The gold layer is then used to both connect the silicon and
the glass but also to protect the buried oxide (BOX) layer during the structuration of the
glass realized with liquid HF. The viability of the first strategy have been successively
demonstrated until the releasing step which causes a problem. Indeed, the HF vapor
release attacks the glass support whose quality is then degraded. Therefore, a solution
to protect the glass has been proposed but not yet tested. The second strategy has not
been conclusive because the gold layer deposited did not protect efficiently the BOX as
expected.

Finally, the third strategy aims at the fabrication of the vertical microscanner with sus-
pended micromirrors. This technology is entirely based on silicon, except for the metallic
micromirrors. Therefore, the silicon is first structured to create the designed structure
and, once released, the micromirrors are deposited by sputtering through a shadow mask.
The shadow mask is a structured silicon wafer, to create the openings corresponding to
the micromirrors shape, and aligned to the SOI wafer. Two strategies of fabrication were
implemented: the first to enable the separation of individual chips from the wafer and
thus facilitate the characterization and the second for the future wafer-level integration
within the Mirau micro-interferometer. This technology has been successively imple-
mented and is stabilized since several runs have been processed with 100% yield. The

fabricated vertical microscanners are shown in Fig. 5.27.

Figure 5.27: Fabricated vertical microscanner: (a) glass support design, (b) silicon sus-
pensions design.

The fabricated device has been characterized at the chip level thanks to the develop-
ment of a specific packaging. Different characterization methods have been used such
as white light interferometry for the evaluation of the optical quality of the surface and
laser Doppler vibrometry for the study of the displacement amplitude of the microscan-
ner. The measured parameters (frequency, displacement amplitude, sensing sensitivity)

are in good agreement with the simulated ones. Therefore, the vertical microscanner
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has been integrated within the Mirau microinterferometer. Several anodic bonding steps
have been realized, at Fraunhofer Institute, to integrate at wafer level, a doublet of glass
lenses bonded at FEMTO-ST, the vertical microscanner, a glass spacer and a planar beam

splitter. Then, the wafer stack has been diced into individual chips (Fig. 5.28).

Figure 5.28: Mirau microinterferometer.

After the vertical integration, the vertical microscanner is characterized a second time
to evaluate the impact of the bonding steps. The electro-mechanical behaviour of the
microscanner is still similar but the optical quality of the micromirrors is degraded. The
degradation phenomenon is not consistent and varies from one chip to another too much

to make conclusions about the causes of this degradation.

This thesis has presented insteresting technologies for the development of a vertical
microscanner, with an embedded sensing position, for phase modulation interferometry.
Based on these results, some perspectives, such as an optimized flow chart whose total
risk is decreased, still needs to be tested. Moreover, the protection of the glass microcom-
ponents until the total release of the structure is an issue, for which new solutions have
been proposed and should be tested. Further work also involves the development of an
integrated read-out circuit to be able to use the sensing function synchronously with the
actuation and to have the microscanner position in real-time. Finally, a systematic study
of the surface quality of the micromirrors is necessary to understand its degradation

during the bonding processes.

The technologies, developed in this thesis, have a great potential for the high level
integrated optical microsystems and encourage new perspectives. First, the integration
strategy of the glass disks onto the vertical microscanner can be easily applied for other
types of glass microcomponents such as glass lenses or diffractive gratings. Indeed, the
integration strategy demonstrated here, as well as the strategy presented in perspective,
are well suited for this kind of applications. The integration of a glass microlens on a

microscanner is particularly useful to laterally or axially scan a sample e.g. for a confocal
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microscope. Moreover, the lateral scan can be easily adapted from the technology

presented in this thesis, by creating lateral comb drives.

Finally, the European project VIAMOS has enabled the development of different
technologies for OCT microsystems, which are now well mature. The Mirau micro-
interferometer is being tested in terms of interferometric functionality and phase-
modulation and the results will be presented in [143]. The complete OCT system is
being assembled and will be tested at the university hospital of Besancon (CHRU) where

clinical tests will be performed.
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MATHEMATICAL CONSIDERATIONS

A.1/ FOURIER TRANSFORM OF A GAUSSIAN

—Cf?

The Fourier transform of a Gaussian defined as f(t) = e is calculated as follows:

F(w) =57 f(1)

[ee]

— f ]wt
—00
o 2

— efCt e (—jwt) dt

—00

[o0]
/ C(2+jwt/C) dt
o 0]

/ ¥ mC(Pjwt/ C+(jro/2CY—(jw/20)) 44

/°° C(+jwt/ C+(jw/2C)?) +Cljw/20) g4

(o]

— —102/4C t+]w/C dt

88

7w2/4C t—jw/C)?

dt because we integrate between -co and -oo

—w2/4C/ (t+jw/C) gy

efw2/4C ] )
=7 ¥ e~ Clr=iw/ VO 41 with T — /Ct and dt — V/Cdt

= o W/AC \/z with / 'y = (A.1)

A.2/ FULL WIDTH AT HALF MAXIMUM OF A GAUSSIAN

—Ct?

The full width at half maximum of a Gaussian defined as f(t) = e is calculated as

follows:
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1

1
-2 L
e Cty = >
—Ct; = —In(2)
Ct? =In(2)
In(2)
==+
! C
FWHM =2 l”éz) (A2)
A.3/ RELATION BETWEEN Ak AND AA
The power spectral density of the source is written as a function of Ak:
S(k) = e[ “52P (A3)

In this case, Ak is the half width of the power spectral density at e~ 1. It is related to AA,
the FWHM of the power spectral density in A as follows:

1 1
AMax )\Min

27 ( ) =24/In(2)Ak

H(M) = \/In(2)Ak
AMaxAMin

AA /

T AA

M=o 8

(A.4)

A.4/ SINUSOIDAL PHASE-MODULATING ALGORITHM

This annexe aims to describe in details the calculations involved in the sinusoidal phase-

modulating algorithm [23].

The spectral interferogram can be written as:
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I(k) = S(zk)(R, +Rs, +Rs, + ...+ Rs,)
N
+S(k) Y~ \/RrRs,cos(¢pr—pn + Acos(w,t + 6))
n=1
= Ip(k)
N
+ ) Bucos(¢pr—n + Acos(w,t 4 0)) (A.5)
n=1

Here the auto-correlation term has been removed for simplification. Applying the Fourier

transform with respect to the time t, we obtain:

F(I(k,w)) =Iod(w) + & |Y_ By [cos(pr—n)cos(Acos(wat + 0)) — sin(pr—n)sin(Acos(wat + 6))]

(A.6)
First, let’s calculate the following term:
A= [z By [c0s(gr_n)cos(Acos(ivyt +6))]
= Y Bucos(gr_u)3 [cos(Acos oyt + 6))] (A7)
Using the real part of the Jacobi Anger’s expansion:
cos(iucos(9)) = Jo() + 2;<—1m<u>ws<zw> (A8)
We obtain:
A=Y Bucos(fr) cos(Acos(wat +0))]
= ¥ Bucos(gra)5 | o(4) +2 é(—nmq(mcos@q(wat o) a9

q



228 APPENDIX A. MATHEMATICAL CONSIDERATIONS

Finally, we need to calculate:

B = & [cos(2q(w,t + 0))]
= & [cos(2qwqat)cos(2q8) + sin(2qw,t)sin(246)]
_ cos(2q9) —i % sin(2q6)

= % (5(w — 2qw,)e 10 4+ §(w + 2qwa)ei2q9> (A.10)

(6(w — 2qw,) + 6(w + 2qw,)) + (6(w — 2qw,) — 6(w + 2qw,))

where 4 is the delta function and J; the gth order Bessel function.

By integrating B in A and A in Eq. A.6, we obtain:

A =Y Bucos(pr—n)F |Jo(A) +2 i(—l)qlzq(A)coqu(wat +0))
n g=1
=Y _Bucos(pr_n) X [ i 1)7]5,(A) x % ((5(w —2qw,)e 10 4+ §(w +2qwa)ei2"9>]
— ¥ Bucos(¢r ) X [ i (—1)7]24(A) x (5(w—2qwa)ei2q9>] (A.11)
n g=—00

Using the same method with the imaginary part of the Jacobi Anger’s expansion:

[ee]

sin(ucos(¢p Z 1) a1 (u)cos((2n — 1)¢) (A.12)

We finally obtains:

F(I(kw)) = Ipo(w)
+ Y " Bucos(¢r_n) x [ i (—=1)7J20(A) x (5 (w _quu)eiqu))]
" q

+ X Busin(pr ) % [ Yo (1)Tgg-n(A) x (8 (@ (20 1) wy) a(ﬁqﬂﬂ)]
n q

It can be observed that:

Y Bucos(Pr-—n) = —Re{F (I (k,wa))} / [J1(A)cos(6)]
Y Busin(¢r—n) = —Re {& (I (k,2wq))} / [J2(A)cos(26)] (A.14)
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We define B(k) as:

2 27 1/2
B(k) = {(EEnsin(qun)) + (ZBncos(q)R_n)> ]

(A.15)
and
<Z anin((])R_n))
& (k) = tan 1 "
(2 Bncos<4>Rn>)
n
(A.16)
The complex spectral interferogram is reconstructed as:
I(k) =} Buexp(—jiu)
(A.17)
By applying the inverse Fourier transform, one obtains:
I(z) = §71(I(k))
=) S(k) \/RrRs,exp(—2jk(zr — zn)exp(j2rtkz)dk
n —o0
=) VRrRs,I'(z — (2r — zu)) (A.18)

where T is the auto-correlation function.

This method results in a spatial interferogram free of parasitic terms.
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SILICON MATERIAL

B.1/ SILICON PROPERTIES

In microfabrication, silicon is purchased as wafers which are thin disks of monocrystal
silicon. Depending on the fabrication process, silicon wafers have different properties
such as the thickness, the diameter, the doping concentration impacting on the electric
resistivity but also the crystallographic orientation, which affects the mechanical proper-
ties. These aspects are crucial for the design and should be taken into account. Here, a

brief introduction to silicon and its properties is given.

The silicon is a chemical element, more precisely a metalloid, which symbol is Si and
atomic number is 14. It is the eighth most common element in the universe by mass
and is the second most abundant element of the Earth’s crust after oxygen (27.7 % of
the Earth’s crust). However, it is rarely found as a pure element in nature. It is usually
found as silicate minerals, containing mainly silicon and oxygen, and less often as silicon
dioxide, also called silica, which is a major component in sand. Table B.1 summarizes

silicon main properties.
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Table B.1: Main properties of silicon. [168, 146, 169]

Properties Value Unit
Name, Symbol Silicon, Si
Atomic number 14
Element category Metalloid
Melting point 1414 °C
Density 2.33 g/cm?
Crystal structure Diamond cubic
Thermal expansion | 2.6 um/(m.K) at 25 °C
Electrical resistivity | 2.3.10° ohm.m at 25 °C
Young’s Modulus 130-188 (depends on the direction) GPa
Poisson’s ratio 0.064-0.28
Yield strength 7 GPa
Most stable isotopes | 28Si (92.23 %)
(proportion of earth)

2Si (4.67 %)

30Si (3.1 %)

" In industry, silicon is doped to increase its electrical resistivity

B.2/ FABRICATION

Starting material for silicon is relatively pure quartz based sand (silica). Sand is reduced
in an arc furnace with coal, forming metallurgical grade silicon (MGS) with some impu-

rities (metals).

SiOy 4+ 2C — Si (solid) 4+ 2CO (gas) at 2000 °C for ~ 8 days (B.1)

MGS is purified into trichlorosilane (TCS) by reaction with HCL

Si (solid) +3HCI (gas) — HSiCl3 (gas) + Ha (gas) at 325 °C (B.2)

Purified TCS is finally reduced with H, to obtain electronic grade silicon. The chemi-
cal vapor deposition occurs in a cold room containing an heated Si rod which acts as
crystalline seed. The result is an extremely pure polycrystalline silicon ingot that is trans-

formed into a monocrystalline silicon ingot using the Czochralski (CZ) or the float-zone
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(FZ) process.

HSiCls (gas) + Hy (gas) — 3HCI (gas) + Si (solid) at 325 °C (B.3)

The Czochralski process uses the hyperpure polycrystalline silicon that is melted at high
temperature (1500 °C) and a monocrystalline silicon seed. The seed is immersed in the
melted silicon and vertically removed while rotating (Fig. B.1 (a)). This process results
in a monocrystalline silicon ingot. For many applications, doped silicon is needed. The
doping elements are added to the melted silicon to pull doped crystals. The dopants
are added in the form of doped polysilicon for concentration control. The concentration
of the dopant in crystal is not the same as in the melt. It is defined by the segregation

coefficient k as:
Cs

e

with Cs the concentration of dopant in solid and C;, the concentration of dopant in the

k (B.4)

liquid.

Since k is, in general less than 1, the dopant becomes increasingly more concentrated in

the melt. This leads to a dopant concentration changes along the crystal ingot.

(@) (b)
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\ the lattice
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Seed [ = lattice
 Silicon crystal \ / Atoms i}n the center of a
sub-lattice
- \ @ Atoms in the center of
-Hyperpure silicon each face of the lattice
-Quartz crucible
| | Sub-lattice

Figure B.1: (a) Czochralski fabrication process of silicon ingot, (b) diamond lattice of
silicon.

The float-zone process is used when highly pure silicon is necessary, i.e. when oxygen
ions present in the silicon crystal lattice after the CZ process is not tolerable. It represents
only 2% of the wafer production market. It consists in fusing a monocrystalline seed to
the polycrystalline silicon ingot and then a RF heating coil is used to heat locally the bar
at the interface mono/polycristalline silicon. The heated zone is called the “float-zone”.

In the float-zone, the atoms align to the seed.
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Once the monocrystalline silicon ingot is fabricated, it is usually diced into wafers with a

diamond wire or saw.

B.3/ CRYSTALLOGRAPHY

In a crystal, the atoms are arranged on a regular grid called lattice. There exist 14 unique
lattices, called the Bravais lattice!. The crystalline structure of silicon belongs to the family

of cubic crystals and is called diamond (Fig. B.1 (b)).

To identify the orientation of the lattice, Miller indices are used. Each plane (hkl) is de-
fined by its normal vector [hkl]. The hkl values are the reciprocals of the coordinates of
the intersection of the (hkl) plane with the XYZ axis. If one of the value is negative, it is
noted by adding a bar upon the index, like h for example. The different notations using

Miller indices are given in Tab. B.2.

Table B.2: Miller indices notations

Notation | Description

[hkl] The direction vector given by hkl

(hkl) The family of direction vectors equivalent to [hkl]
(hkl) The crystal plane normal to vector [hkl]

hkl The family of planes equivalent to the plane (hkl)

Moreover, by convention, the directions [100], [010] and [001] corresponds to the cartesian
XYZ direction, unless specified otherwise. The most commonly used wafer orientation
is (100), which means that the top surface of the wafer is the (100) plane. Moreover, the
orientation of the crystallographic direction in the plane of the wafer is given by a flat
(one side of the wafer is cut) which is done during the wafer fabrication at the silicon
ingot level. For typical wafers used in research, the primary flat is aligned with the [110]
direction (Fig. B.2). The properties of silicon depends on its crystallographic orientation,
therefore it is extremely important to take it into account for the design. When a (100)
wafer is used, the X and Y directions, corresponding respectively to the [110] and the
[110], have equivalent elastic properties [146]. However, all directions are not equivalent,

i.e. silicon is an anisotropic material.

1 A Bravais lattice is an infinite array of discrete points generated by a set of discrete translation operations
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Z [100]
®©

"« Wafer flat

Figure B.2: Wafer (100) description with XYZ direction with respect to the wafer flat.

The Hooke’s law describes the relationship between stress () and strain (e):

o= Ce (B.5)
where C is the stiffness tensor and which can be also written as:

0'1']‘ = Cl‘]'klekl (B6)

For an isotropic material, C can be replaced by a single value, noted E and called the
Young’s modulus. For an anisotropic material, axes of symmetry enables the simplifica-
tion of the stiffness tensor. In the case of the crystallographic lattice of silicon, it reduces

to the following tensor:
c11 ¢12 c12 O 0 0

C12 C11 C12 0 0 0

¢z ¢ci2 ¢i1 0 0 O
c— (B.7)
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The values of c11, c12, cas have been reported [146]:

c11 = 165.6.10° Pa
c1p = 63.9.10° Pa
c12 = 79.5.10° Pa

These values are used to calculate the Young’s modulus and the Poisson’s ration in arbi-
trary direction.
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Figure B.3: Young’s modulus and Poisson’s ration of silicon in (100) plane [146].
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SPRING CALCULATION CODE

The stiffness of the spring has been calculated using a code in Python. The code is the

following one:

from sympy import =
from sympy import sympify

import numpy as np
HAFH A H R R A AR R R R R
#####H#HH### Declaration of parameter

#Mo is the initail momentum

#To is the initail torsion

#a is the length of the first small beam
#b is th elength of the first long beam
#c is the legth of the second longer beam

MO=Symbol ("M0")
TO0=Symbol ("T0")
epsilon=Symbol (" epsilon ")
a=Symbol("a”)
b=Symbol('b")
c=Symbol("c”)

Fx=Symbol ("Fx ")
Fy=Symbol ("Fy ")
Fz=Symbol(’Fz ")

# Declaration of Young’s and shear Modulus
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E=Symbol ("E")
G=Symbol ('G")

#Declaration of momentum of inertia of each beam
I=Symbol("1")

#Declaration of torsion constant of each beam
J=Symbol ("] ")

HEH#HAHHAHAHHAHAHHAHHHH AR R AR R AR R AR R R R A

#H##### A ###H#### Calculation of vertical stiffness

#Declaration of momentum and torsion of each beam
MI=M0-Fz+epsilon

M2=—T0-Fz+*epsilon

M3=M0-Fz +(epsilon+a)

M4=Fz + (b—epsilon )+T0

M5=MO-Fz +(epsilon+2+a)

T1=TO

T2=M0-Fz=a
T3=Fz+b+T0
T4=—MO+a=Fz+a=Fz
T5=T0

#Calculation of strain energy

U=integrate (1/(2+E+I1)+Ml+x2 ,(epsilon ,0,a))+integrate (1/(2+ExI)=+M2
+x2 (epsilon ,0,b))+integrate (1/(2+ExI)*M3%+2,(epsilon,0,a))+
integrate (1/(2+ExI)*M4x+2 ,(epsilon,0,c))+integrate (1/(2+E+1)+
Mb#+2 ,(epsilon ,0,a))+integrate (1/(2+G=]J)*T1++2 ,(epsilon,0,a))+
integrate (1/(2+G+J)*T2++2 ,(epsilon ,0,b))+integrate (1/(2+G+]) =
T3++2 ,(epsilon,0,a))+integrate (1/(2+G+])+T4*+2 ,(epsilon ,0,c))+
integrate (1/(2+G«J)*T5x+2,(epsilon,0,a))

#Solving differential equations
MO _sol=solve (diff (U,M0) ,M0)
TO_sol=solve (diff (U, T0),T0)
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#Implementing solution of previous equation and simplification of
the expression of the solution U

Ul=U. subs (M0, M0_sol [0])

U2=U1l.subs(T0O, T0O_sol[0])

U_simple=simplify (U2)

#Calculation of dz, the vertical displacement
dz=diff (U_simple, Fz)

#Calculation of kz, the stiffness
kz=factor (Fz/dz)

#Regrouping common powers of a E,I,G and J in the expression of
kz

collectl=collect (kz,ExI+G=])

collect2=collect(collectl ,E=I)

collect3=collect(collect2 ,G*J)

#Simplifying kz
simple_kz=simplify (collect3)

print simple_kz

###Calculating kz for specific beam length and thickness
t=40e—6

w=50e—6

a_value=100e—6

b_value=2635e—6

c.value=2635e—6

##Calculating momentum of inertia, torsion constant and shear
modulus
E_value=170e9

#Calculating I
I_value=wxt+x3/12

print "I="+str(I_value)
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#Calculating ]

sum_value=0

for i in range (0,10000):
intermediar=1/(2+i+1)*+5+np.tanh ((2+i+1)*np.pixt/(2xw))

sum_value=sum_value+intermediar

J-value=w++3xt+(1—-192/(np.pi*=*5)*w/t+sum_value)=*1/3

print 'J="+str(J_-value)

#Calculating G
poisson=0.28
G_value=E_value /(2+(1+poisson))

print 'G="+str (G_value)

##Calculating kz
kz _value=kz.subs ([(E,E_value) ,(G, G_value) ,(J ,J_value) ,(I,I_value)
,(a,a_value) ,(b,b_value) ,(c,c_value)],simultaneous=True)

print 'kz="+str (kz_value)

HAHAHAHAHA R HHHH B H A HAH AR AR AR AR H A R R R R R R R

######H########## Calculation of lateral stiffness
#Declaration of momentum and torsion of each beam
MI=M0O-Fx*epsilon

M2=M0O-Fy+epsilon—Fx+*a

M3=MO-Fx+*a—Fx+epsilon—Fy=b

M4=M0-Fx +a—Fx+a—Fy+b+Fy+epsilon

Mb5=MO-Fx *(epsilon+2+a)

#Calculation of strain energy

U=integrate (1/(2+E+I1)+Ml++2 ,(epsilon ,0,a))+integrate (1/(2+ExI)=*M2
+x2 (epsilon ,0,b))+integrate (1/(2+ExI)*M3x+2,(epsilon,0,a))+
integrate (1/(2+ExI1)*M4x+2 ,(epsilon,0,c))+integrate (1/(2+E+1)+
Mb++2 ,(epsilon ,0,0))

#Solving differential equations
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MO_sol=solve (diff (U,M0) ,M0)
Ul=U. subs (M0, M0O_sol [0])

#Solving differential equation in x and y
Fy_sol=solve(diff (Ul,Fy) , Fy)
Fx_sol=solve (diff (Ul,Fx) ,hFx)

#Implementing solution of previous equation and simplification of
the expression of the solution U

U2_x=Ul.subs(Fy,Fy_sol[0])

U_x_simple=simplify (U2_x)

U2_y=Ul.subs (Fx, Fx_sol [0])
U_y_simple=simplify (U2.y)

#Calculation of dx and dy, the lateral displacements
dx=diff (U_x_simple , Fx)
dy=diff (U_y_simple ,Fy)

#Calculation of kx and ky, the stiffness
ky=Fy/dy
kx=Fx/dx

###Calculating kx for specific beam length and thickness
t=40e—6

w=50e—6

a_value=140e—6

b_value=2540e—6

c.value=2750e—6

##Calculating momentum of inertia, torsion constant and shear

modulus
E_value=170e9

#Calculating 1
I_value=ts*w=+3/12
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print "I="+str(I_value)

kx_value=kx.subs ([(E,E_value) ,(I,I_value) ,(a,a_value) ,(b,b_value)
,(c,c_value)],simultaneous=True)

print "kx="+str (kx_-value)

ky_value=ky.subs ([(E, E_value) ,(I,I_value) ,(a,a-value) ,(b,b_value)
,(c,c_value)],simultaneous=True)

print 'ky="+str (ky_value)
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INTRODUCTION TO KEY
MICROFABRICATION PROCESSES AND
CORRESPONDING EQUIPMENTS AT
MIMENTO TECHNOLOGICAL
CENTER

Microfabrication technologies have first been developed by the semiconductor industry
for the micro-electronics and more specifically for integrated circuit fabrication. The idea
of microfabrication was the replication and the parallel, also called “collective” or "batch
fabrication”, fabrication of a large number of miniaturized micro-electronic components
on the same substrate. The development of collective microfabrication techniques has
lead to size and price reduction of electronic devices such as mobile phones and com-
puters. Other scientific domains have then benefited from the developed techniques and
micro-electro-mechanical system are now using the same techniques such as etching, thin
film deposition and oxidation. Combining these capabilities with highly specialized mi-
cromachining processes, mechanical parts where fabricated leading to devices such as mi-
crogrippers, microtweezers [170, 171], electrostatic micromotors [172]. Multi-functional
systems with microfluidic, biologically functionalized or optical parts were also investi-
gated. For the micro-electronics, silicon was the most used substrate due to its interesting
electronic properties such as the easy generation of insulation layers in silicon dioxide
and the control of electronic properties by doping. Materials, such as insulators and met-
als, were under investigation to create multi layer connections. Then, processes to depose
(or grow) structured layers such as silicon dioxide and metals, for example aluminium,
have been developed. Later, processes to structure the silicon substrate were developed

to create mechanical parts taking benefits from the interesting mechanical properties of
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silicon. These techniques and the associated equipments are presented here.

D.0.1/ CLEANROOM FACILITIES

The environment of fabrication should limit contamination of the fabricate devices. In
the macro-world contaminations are visible but in the micro-world any microparticles
can be a contaminant. Then, a dust in microfabrication is as dangerous as a pebble in the
macrofabrication; it can ruin the devices, damage the equipment or be a health risk for the
employees. In the case of microfabrication, there are different types of contaminations:
particulates, films and atomic contaminants. Particulates can be either organic mostly
coming from humans such as hairs, dried skin,...) or inorganic like metals or silicon dusts.
Films are essentially residues let after wafer processes (photoresist, oil,...). Finally atomic
contaminations can occur when processing the wafer in contaminated chambers. Clean-
rooms are environments where particulate concentration is minimized and kept under
a certain level. Temperature and humidity are controlled as well. The cleanrooms are
classified in terms of number of particles and size of particles. In 1966, the definition FD-
STD-209 E states that a cleanroom is of class N if its distribution/dimension of particles
is under a certain limit. In practice, for a cleanroom class 100, there must be less than
100 particles greater than 0.5 um per cubic foot. This requires around 500 air changes per
hour with specific air filters. The FD-STD 209 E classification was officially cancelled in
2001 in favour of the international convention ISO-14644-1 defined by the International
Organization for Standardization (ISO). Still many people use the old definition. Table
D.1 shows the ISO classification with the corresponding FD STD 209-E old classification.
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Table D.1: Particle count levels for the ISO 14644-1 classification with the first column
showing the corresponding FD-STD 209-E old classification.

Class Number of particles per cubic meter by micrometer size
FD-STD | ISO 0.1 0.2 0.3 0.5 1 5
1 10 2
2 100 24 10 4
1 3 1,000 237 102 35 8
10 4 10,000 2,370 1,020 352 83
100 5 100,000 | 23,700 | 10,200 3,520 832 29
1000 6 | 1,000,000 | 237,000 | 102,000 35,200 8,320 293
10,000 7 352,000 83,200 2,930
100,000 | 8 3,520,000 | 832,000 | 29,300
9 35,200,000 | 8,320,000 | 293,000

To limit the contamination in the cleanroom, a specific procedure to enter the cleanroom is
required. A first “grey” room is used for the employees to wear adapted clothing before
entering the cleanroom. The basic clothing consists in a coverall suit, shoe cover and
boots, a cap, a hood and gloves. In high quality rooms, facial mask is usually mandatory
and gloves are usually compelled in chemical rooms. This equipment contributes to the
protection of the device from the potential contaminations from the users as well as it

protects the user from eventual health risks.

D.0.2/ PHOTOLITHOGRAPHY

In general, it is complicated to grow, deposit or etch material layers only in the areas
where they are desired (selective deposition/etching). As a result, material layers are
usually deposited across the entire surface and then removed from the area where they
are not needed. The photolithography technique aims to transfer a desired pattern from
a hard mask into a photoresist polymer layer on the wafer surface. Figure D.1 shows the
different steps of the photolithography process. First, the photoresist is deposited on the
wafer with different possible techniques. The standard way to deposit photoresist is spin
coating. The photoresist is poured on the wafer and the wafer is spun during a specific
time, with a specific acceleration and speed. These three parameters influences the qual-
ity and the thickness of the obtained photoresist layer. When the wafer surface is not flat,
spinning of the resist is difficult and spray coating is an alternative to deposit uniformly

the resist on the structured surface. After the photoresist coating, the photoresist is usu-
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ally bake during a step called the soft bake that drive off the excess of solvent. Next,
the wafer is aligned and put in contact with the hard mask and finally exposed to UV
light. There are different types of contact between the wafer and the hard mask (vacuum
contact, hard contact,...). Depending on the type of contact chosen, the resolution and the
quality of the photolithography may vary. Only the area corresponding to the transpar-
ent area of the hard mask are exposed. In the case of positive photoresist, light induces
a break in the polymer chain. On the contrary, for negative photoresist, light induces
cross-linking in the polymer. The wafer is then immersed in a developing solution which
removes the exposed photoresist for positive photoresists and the unexposed photoresist
for the negative photoresists. Finally, the wafer is cleaned and dried. Some photoresist
requires a post exposure bake (before the development) to stabilize the photo-generated
chemicals or to suppress standing wave effect and also a hard bake (at the very end) to

harden the photoresist and improve the adhesion to the substrate.

(a) (b) (©

/ UV light
Photoresist
Heater
Mask in
- contact with
the wafer

(d) (e)
/ / Positive photoresist
Developer DI water @

Negative photoresist

&

Figure D.1: Photolithography steps: (a) spin coating of photoresist on wafer, (b) soft bake,
(c) UV exposure of the photoresist (in practice the mask is in contact with the wafer), (d)
development of the photoresist, (e) Rinsing and cleaning of the wafer (DI water: deion-
ized water), (f) developed photoresist in the case of positive and negative photoresist.

The resolution of the masks but also the alignment machine as well as the type of
photoresist have an impact on the resolution of the pattern. Moreover, the quality of the
photolithography is usually worst on the edge of the wafer. This is mainly linked to the
inhomogeneity of resist thickness on the edge. The type of photolithography described
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here corresponds to “mask contact” photolithography. This type of photolithography
is a standard process, which has some limitations for more demanding structures. For
example, the resolution is typically limited to 1 um, the planarity of the wafer surface
and the photoresist layer is critical, and the defect/contamination density due to the
physical contact between the hard mask, and finally, the wafer is unacceptable for very
small structures. To overcome these limitations, other photolithography techniques,
such as projection photolithography and direct writing, but also other sources such as
lasers, deep ultra-violet or electron-beam (e-beam), have been developed. Table D.2
presents different types of process with their corresponding properties, advantages and

drawbacks.

In MIMENTO facilities, various photoresist are furnished on a regular basis such as
51813, 51828, SPR 220 3.0, LOR 7B, AZ9260, SU8 and Ti09. These resists can be spin
coated (OPTIcoat 22, Karlsuss RC8 ) or spray coated (SUSS Microtec). There is one dou-
ble side EVG620 aligner that is compatible with the wafer bonder support of the bonding
machine EVG501. The non-standard exposition/alignment machines are shown in Tab.
D.2. The EVG501 is a bonding machine used for anodic bonding and thermocompression

bonding.
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Table D.2: Non-standard photolithography processes.
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D.0.3/ PLASMA

A plasma is a state of matter as solid, liquid and gas. In this state, electrons wander
around the nuclei of the atoms. A plasma consists of electrons, ionized molecules, neutral
molecules, neutral and ionized fragments of broken-up molecules, excited molecules and
free radicals. Free radicals are electrically neutral species that have incomplete bonding
and are extremely reactive. The notion of plasma is introduced here because when energy
is provided to the plasma, it can be used to remove material from a target which can
be directly the processed wafer (etching) or, which etched material can be deposited on
the processed wafer (deposition by sputtering). Hence, plasmas are really important in
microfabrication. There are two ways to generate a plasma: by applying a DC voltage or
a RF voltage between two electrodes between which a gas is introduced (Fig. D.2). When
a DC voltage is applied between the anode and the cathode, free electrons are accelerated
and elastically collides with atoms generating an ion and an additional electron. This
cascading process creates a sustained reaction. In the same time, the excited gas atoms
returning to ground state emit visible photons that can be seen as a glow in the chamber.
When a RF voltage is applied to a pair of electrodes (typically 13.56 MHZz), it accelerates
electrons that collides with neutral gas molecules, forming ions and more electrons as
with a DC voltage. The difference is that only the electrons are travelling between the two
electrodes with an oscillitory path following the high frequency field whereas ions are too
massive to respond to this field. In particular to sputter dielectric films, RF power enables
to avoid the accumulation of electric load on the target. For RF generated plasma, the
target electrode is smaller. Indeed, if both electrodes are symmetrical, the electric field is
completely symmetrical and an identical sputtering rate occurs at both electrodes which
prevent the film from growing. When the electrode areas are not equal, the field must
be higher at the smaller electrode to maintain an overall current continuity. Therefore,
making the target electrode smaller, the sputtering preferentially occurs on the target
(Fig. D.2 (c)). In practice, for sputtering, the wafer is usually connected electrically to the

chamber walls.
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(@)
Target Wafer

Plasma

Cathode Anode
1

(b) (o)
Ions are accelerated
and hit the target

\

: : Equal area electrodes
+ : : + /
A 7V Y
0 A P P
1
VA / | ) ] Anequal area electrodes
DC generated plasma RF generated plasma

Figure D.2: Generation of a plasma by DC and RF voltage. (a) Illustration of the plasma,
voltage graph between the two electrodes in the chamber in the case of (b) DC and (c) RF
generation.

D.0.4/ THIN FILM DEPOSITION METHODS

The deposition of various material has been developed at the microscale. The most com-
mon deposition techniques can be classified in three main types of deposition: the epi-
taxy, the chemical vapour deposition and the physical vapour deposition. Epitaxy is
a growth technique of monocrystalline layers on monocrystalline substrate. This tech-
nique consists to use the substrate as a crystal seed to grow the material by progressively
adding atoms that are constituting the film. The film and the substrate can be different
but should have similar crystalline and lattice parameters. When the substrate and the
film are the same, it is called homoepitaxy whereas when they are different, it is called
heteroepitaxy. Epitaxial techniques can be divided according to the type of phase trans-
porting the atoms to be deposited. For example, when classified under the nature of the
phase, three main techniques exist: the vapour phase epitaxy, the liquid phase epitaxy

and the molecular beam epitaxy.

Chemical vapour deposition consists in a thin film formation from vapour phase reac-
tants. The deposited films range from metals to semiconductors to insulators. All chem-
ical vapour deposition processes involve using an energy source to break reactant gases
into reactive species. Depending on the process conditions, different types of chemical

vapour deposition (CVD) are identified: atmospheric pressure CVD (APCVD), low pres-
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sure CVD (LPCVD), plasma enhanced CVD (PECVD) and metal organic CVD (MOCVD).
Table D.3 gives the specificities, the advantages and the drawbacks of each techniques.

Table D.3: Comparison of CVD techniques in terms of advantages, drawbacks and de-
posited material.

CVD techniques | APCVD LPCVD PECVD
Advantages High deposition Good uniformity Low temperature
rate (225-450°C)
Simple technique Low stress High deposition
rate
Good purity
Drawbacks Poor uniformity Low deposition rate Chemical  con-
and conformality tamination
Hard to control
deposition  rate
and stress
Material Thick oxide Polysilicon and dielectric | dielectric

Physical vapour deposition techniques (PVD) regroup the thermal and the e-beam evap-
oration and the sputtering. These techniques are mostly used for metal layers and alloys.
For the thermal evaporation, the source material is hosted in a crucible that is heated with
a current. The choice of the crucible material is important to avoid any contamination of
the source material. For the e-beam evaporation, a filament is heated up to the electrons
emission. The electrons are accelerated and deviated to hit the material in the crucible.
There is no contamination from the crucible because it is kept cold. Possible contaminant
from the heated filament are deviated by a magnetic field. With both techniques, once
the material is heated enough, the material evaporates and is deposited everywhere in
the chamber. Materials with a high melting point cannot be deposited easily by thermal
evaporation that is why e-beam evaporation is now the most common. Sputtering is an-
other technique based on ion bombardment to sputter a source material, called the target,
and dislodge atoms of the target which are then deposited on the wafer. The ions used for
the bombardment are usually argon ions (Ar™"). With this technique, the range of material
that can be deposited is unlimited. Moreover, sputtering is usually performed at higher

pressure than evaporation. To obtain argon ion bombardment, a plasma is generated.

In terms of deposition methods, evaporation and sputtering of a large range of metals are
possible with respectively the Alliance EVA 450 and the Plassys MP500 available at MI-
MENTO technological center. However, during the period of this work, the evaporation
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machine was unavailable. The sputtering machine allows the deposition of gold, tita-
nium, chromium, copper and aluminium, which are metal layers widely used in MEMS
for the creation of pads, mirrors but also bonding layers. A PECVD machine from Sen-
tech (SI 500 D) is also available in the cleanroom, though it was operational at the end
of this work. This machine is able to deposit silicon dioxide and nitride. Finally silicon

dioxide can be thermally grown in a dedicated furnace.

D.0.5/ ETCHING TECHNIQUES

Etching techniques are used to remove a material layer from unwanted areas, the other
areas being protected by a masking layer. As the deposition techniques, etching tech-
niques are usually associated with a previous photolithography step, to etch the material
only where it is not desired and thus create a specific pattern. The most commonly used
etching methods can be grouped in two main types of etching: dry etching using ion
bombardment to remove material from the wafer, i.e. a plasma, and wet etching using
chemical solution that selectively etch the material. Classical masking layers are photore-
sist, silicon dioxide, silicon nitride and metals. The masking material is chosen in terms of
its compatibility with the plasma or the etching solution, i.e. the etch selectivity. The etch
selectivity is defined as the ratio between the etching speed of the material to be etched
and the etching speed of the masking material. Dry etching is based on a gas-solid reac-
tion, in which the etching material is gaseous and the etched material is solid. The higher
the energy of the gas, the higher the physical etching and the higher the isotropy! of the
etching. To give energy to the gas, a plasma is generated. The wafer is bombarded with
ions which removes the material. Depending on the etched material, the gases used for
the plasma and the masking layers are not the same. Table. D.4 summarizes the different

type of etching.

IThe isotropy of a process defines if it occurs identically, uniformly in all the directions. It is said
anisotropic if a direction is preferred from the others.
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Table D.4: Comparison of dry etching techniques depending on the excitation energy of
the gas. The different etching techniques are also described in term of types of etching
reaction (chemical or physical), their isotropy and their selectivity.

Etching techniques Excitation en- | Pressure Description
ergy
vapour etching - High Chemical,
isotropic,  very
selective
Plasma etching 10’s to 100’s of | (100 Torr Chemical,
Watts isotropic, se-
lective

Low (10-100

Reactive ion etching 100’s of Watts
mTorr)

Physical and
chemical  etch-
ing, adjustable
(an)isotropy,

quite selective

Sputter etching (Ion Mill) | 100’s to 1000’s of | 10 mTorr Physical, di-
Watts rectional, low
selectivity

Silicon is the most used material in microfabrication and specific techniques have been
developed for this material. Wet etching can be either isotropic or anisotropic. These pro-
cesses are generally sensitive to the temperature and composition of the etchants (con-
centration, additives) and quality of the silicon crystal (defects, impurities). Isotropic
etchants such as HNA? give rounded profiles whereas anisotropic etchants such as KOH
(potassium hydroxyde), TMAH (tretamethyl ammonium hydroxyde) and EDP? etch
preferably (100) planes compared to the (111) planes. Figure D.3 shows the etching pro-

file for (100) wafer in the case of isotropic and anisotropic etching.

(@) (b)
Masking layer
(100) b an

u \< §/fs 4.74°

Silicon Silicon

Figure D.3: Silicon etching profile for (100) wafer, which are the most common wafers
and the ones used for this work: (a) Isotropic etching, (b) anisotropic etching.

2HNA is a mixture of nitric and hydrofluoric acids diluted in water or acetic acid. The diluent and the
ratio of the etching acids have an impact on the etch rate [173].
3EDP is a mixture of ethylene diamine, pyrocatechol and water.



254 APPENDIX D. INTRODUCTION TO MICROFABRICATION

As a dry etching technique, reactive ion etching is classically used for the etching of sili-
con. Moreover, a time multiplexed deep etching technique, called DRIE for deep reactive
ion etching, has been developed. The aim is to improve the anisotropy of the etching to
obtain vertical walls by depositing a protective polymer. Side walls angles around 90° &
2 ° and etching depth up to 1.5 mm are obtained [174]. Figure D.4 illustrates the differ-
ent steps used for the DRIE process. Firstly, the polymer passivation layer is deposited
everywhere. Flurocarbon gases such as C4Fg are used to create a teflon-like polymer
(polymerized CF;). A first etching step removes the polymer from the horizontal sur-
faces. A second isotropic etching step attacks and removes the silicon. The etching gas is

typically a mixture of SF¢ and argon.

@) Masking layer (b)  Teflon-like polymer

\

—~
0
~

Passivation with C4Fg

Anisotropic etching SFg and
(d) Ar ; . :
gon with cation attacking
horizonal surfaces

Isotropic etching SFg and /
Argon

Figure D.4: DRIE etching steps: (a) silicon wafer with a masking layer, (b) deposition of
teflon-like polymer, (c) etching of polymer on horizontal surfaces, (d) SF silicon etching.
The process loops from step (b) to step (d) until the targeted depth is reached.

There are two DRIE machines at MIMENTO technological center: a quite recent SPTS
Pegasus Rapier and an older Alcatel A601E. In the SPTS machine, metal masks are for-
bidden in its chamber to prevent the contamination of the ceramic walls. The Alcatel
machine has an aluminium chamber which can be easily cleaned by plasma and then
metal masking layers are allowed. Another difference is the system of clamping, which
is mechanical in the Alcatel and electrostatic in the SPTS. On the one hand, electrostatic
clamping is more difficult for wafer which back side is highly structured. On the other
hand, the mechanical clamping may lead to the wafer breakage for sensitive wafers due
to deep structuration, small thickness or thermal stress. The properties of each DRIE ma-
chine are summarized in Tab. D.5. The cleanroom is also equipped with a RIE machine
(Plassys) that can etch a wide range of materials (silicon, silicon nitride, silicon dioxide,
titanium, nickel,...) but which can be also used to clean a wafer from organic residues. For

this latter purpose, another machine is dedicated to oxygen plasma and wafer cleaning
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in general (Nanoplas DSB6000).

Table D.5: Comparison of the DRIE equipment available at MIMENTO facilities.

Equipment Alcatel SPTS
Etched material SiO; and Si SiO; and Si
Clamping mechanism Mechanical Electrostatic
Detection of the end of etching | No Yes
Notching limitation Low frequency mode Pulsed mode
Metal masks Allowed Forbidden
Availability Partially available Available

D.0.6/ CHARACTERIZATION METHODS

After each step of a fabrication process, the result must be characterized. Optical mi-
croscopes are used for optical observation of the surface quality of deposited or etched
surfaces. It can also provide in plane as well as out-of plane measurements. The preci-
sion of the measurements highly depends on the objective used. To measure out-of-plane
distances, a mechanical profilometer is used. The wafer is placed under a mechanical
tip that goes down in contact with the wafer surface and scan the surface following a
predefined line. The precision of the measurement highly depends on the tip diameter
and on the chosen parameters (speed, frequency,...). This method requires that the layer,
which thickness is to be measured, is structured. If it is not the case, then ellipsometry
can be used to characterize dielectric films. Light is focused on the wafer, reflected by
the wafer and detected. The change of polarization between emitted and reflected light
is compared to a model. In particular, the change of polarization depends on the thick-
ness and the refractive index of the dielectric. Finally, when higher resolution images are
necessary scanning electron microscope (SEM) is used. SEM is based on the detection of
electrons coming from the sample that is being hit by a beam of emitted electrons. The
detected electrons are classically secondary electrons and back-scattered electrons. Sec-
ondary electrons results from the inelastic scattering interactions between electrons of the
sample and the beam electrons. Back-scattering electrons are electrons from the emitted
beam that are reflected back by the sample to the detector. The detected electrons carry
an information on the topography of the surface hit by the electron beam. The resolution

of a SEM is in the nanometer order.

In term of characterization, a recent optical microscope DM8000 from Leica, a mechanical

profilometer Alpha-step from Tencor, a scanning electron microscope and an ellipsometer
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Uvisel from Horiba are available in the cleanroom.
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HARD MASKS DESIGN

Here, the masks used for the three strategies of fabrication of the vertical microscanner are
shown (Fig E.2,E.3,E.4). For a better readability only one chip is shown. Each processed

wafer is composed of 21 chips as shown in Fig. E.1

one
chip
area

Figure E.1: Masks of the projection strategy flow chart. The masks numbers refer to the
number given in the risk analysis table. This mask corresponds to a design for which
chips can be manually separated by breaking small silicon bridges.
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E.1/ PROJECTION STRATEGY

(a)

<&———Silicon bride for manual separation of chips

.« Trenches in silicon to define chip size
(BS and FS)

Back side aperture

Isolation trenches between
microactuators and microsensors

««—Gilass disks oo e
Silicon cavities -

****************** < —First set of comb finger
R " _Second set of comb finger

[ e e e e

—Micromirror

ERCOROTOTORRRNRGN

- Mask 2 (silicon cavities)

Mask 3 (glass disks)

Mask 4 (glass disks)

Mask 5 (mechanical structure and first set of comb finger)

(OTeTeeTed .
KRRXXRXXX} Mask 6 (second set of comb finger)

"l

I:l Mask 7 (back side aperture)

Figure E.2: Masks of the projection strategy flow chart: (a) design of one chip, (b) zoom
on one glass support, (c) zoom on the comb drive structure. The masks numbers refer to
the number given in the risk analysis table. This mask corresponds to a design for which
chips can be manually separated by breaking small silicon bridges.
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E.2/ THERMOCOMPRESSION STRATEGY

(@)

—————Silicon bride for manual separation of chips

Trenches in silicon to define chip size
(BS and FS)

Back side aperture

| Isolation trenches between
microactuators and microsensors

<€—CGlass disks
Clear aperture . .
on glass side - First set of comb finger
Micromirror Second set of comb finger

2 sets of comb finger

Mask 2 (mechanical structure and first set of comb finger)

TR0020%070%0°04 .
RRQRXKI Mask 3 (second set of comb finger)

- Mask 4 (clear aperture on glass wafer before thermocompression)

Mask 5 (glass disks)

I:l Mask 6 (back side aperture)

Mask of shadow mask (contact pads and micromirrors)

Figure E.3: Masks of the thermocompression strategy flow chart: (a) design of one chip,
(b) zoom on one glass support, (c) zoom on the comb drive structure. The masks numbers
refer to the number given in the risk analysis table. This mask corresponds to a design
for which chips can be manually separated by breaking small silicon bridges.
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E.3/ SPIDER LEGS STRATEGY

LI qidd

=on | g—Bumping pads

b1I0S Isip1s8 2\nillul T

Structured silicon platform
Micromirrors aperture of shadow mask

—B— Contact pads

Back side aperture area

.. First set of comb fingers

=
Structure to support the
|

ﬂ[mm-Suspension with self releasing silicon
structure around to limit notching effect

(c)

Second set of comb fingers

[/ Mask 1 (mechanical structure and first set of comb)

[ Mask 2 (second set of comb finger)
[ ]Mask 3 (back side aperture)

Mask of shadow mask (contact pads and micromirrors)

Figure E.4: Masks of the spider legs strategy flow chart: (a) design of one chip, (b) zoom
on one suspended micromirror, (c) zoom on the comb drive structure. The masks num-
bers refer to the number given in the risk analysis table. This mask corresponds to a
design for the wafer is integrated at wafer level with the other wafer constituting the
Mirau interferometer.
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This thesis describes the design, simulation and fabrication of a vertically actuated 4x4 array of
micromirrors with embedded position sensing function. The vertical microscanner is meant to be
integrated within an array-type Mirau microinterferometer realized with optical microcomponents
fabricated using collective techniques. The microscanner, developed in this thesis, provides a
reference signal that is used for the implementation of phase modulation interferometery in an optical
coherence tomography (OCT) system. This thesis first introduces the need for adapted imaging
systems for the early diagnosis of skin cancer and establishes the optical specifications required
by this specific application. Based on these specifications, the design of the OCT system based on
the Mirau microinterferometer is presented. In parallel, the state of the art of the microactuation
technologies is discussed and comb drive electrostatic actuation is chosen, for its compatibility
with the design of the Mirau microinterferometer, to actuate and sense the position of the array of
micromirrors. Then, the core of the thesis deals with the development of the vertical microscanner,

i.e. its design and simulations, its fabrication and its characterization.

MOEMS, microscanner, Mirau micro-interferometer, full-field swept source OCT

Cette these décrit le design, la simulation et la fabrication d'une matrice 4x4 de micromiroirs
actionnée verticalement et munie d'un capteur de position. Le microscanneur vertical a pour
vocation a étre intégré au sein d’'un microinterféromeétre de Mirau de type matriciel, réalisé a
base de composants microoptiques fabriqués grace a des méthodes collectives. Le mouvement
du microscanneur, développé dans cette these, géneére un signal de référence utilisé pour
I'implémentation de l'interférométrie & modulation de phase dans un systéme de tomographie
par cohérence optique (OCT). Dans un premier temps, la thése introduit le besoin d’un systeme
d’imagerie adapté pour la détection précoce des cancers de la peau et établit les spécifications
optiques requises par cette application. A partir de ces spécifications, le design du systéme OCT
basé sur le microinterférometre de Mirau est présenté. En parallele, 1'état de 1’art des technologies
de microactionnement est décrit et un actionnement électrostatique a base de peignes interdigités est
choisi pour actionner et lire la position de la matrice de micromiroirs. En effet ce type d’actionnement
bénéficie d"une bonne compatibilité avec le design du microinterférometre de Mirau. Dans un second
temps, le cceur de la these expose le développement du microscanneur vertical, c.a.d le design et les

simulations ainsi que la fabrication et la caractérisation.

MOEMS, microscanner, micro-interférometre de Mirau, OCT a source a balayage plein champs
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