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19 We present a micromachined vertical scanner with a 4x4 array of suspended ”spider-type”

32 micromirrors which is a key component of a multi-channel ”active” Mirau microint-

22 erferometer. The microscanner provides for the vertical displacement of the reference
micromirrors for the implementation of phase shifting technique. Vertical comb-drive

23

24 structures are employed for actuation of micromirrors (displacement range of 1 hundreds

25 of nm at 500 Hz) as well as for in situ capacitive displacement sensing. Integration of

26

27 micro-opto-electro-mechanical microscanners in handheld interference microscope has the
advantage to significantly decrease instrument size because of the small footprint of the

28

29 microscanner. Particularly interesting applications are low-cost and portable microsystems

30 for parallel inspection of biological tissues, e.g. early diagnosis of specific diseases such as

g; skin cancers.

33

34 1. Introduction

35

36 The interferometric techniques are fundamental to the optical metrology due to their unique capability of

37 non-destructive and high-accuracy measurement of a broad range of quantities. An increasing demand for the

38 reduction of system size (portability), lower cost as well as several new metrology challenges, such as in-vivo

39

40 imaging, have made the miniaturization of interferometric systems an important issue. The combination

41 of the array-type microinterferometers and interferometry-based imaging methods enables construction of

42 portable systems for in-vivo medical diagnostics. The swept source optical coherence tomography (SS-OCT)

ji is a particularly interesting candidate since it allows a fast and non-invasive 3-D reconstruction of tissue

45 morphology within significant penetration depth (~ 1 mm) and high resolution (5-10 pum) [1]. Moreover, the

46 implementation of the phase shifting interferometry (PSI) technique [2] with ”active” microinterferometer

47 allows to improve sensitivity and to remove some drawbacks of the SS-OCT technique, such as the presence

48 of artefacts in tomography images. PSI techniques are particularly efficient to remove disturbing interfer-

gg ometric terms such as the mirror term, the DC term and the auto-correlation term. Then, this technique

51 leads to an increase of the signal dynamic.

52 For this purpose, the micro-opto-electro-mechanical (MOEMS) approach offers not only size and cost re-

53 duction , but also the implementation of actuated micromirrors, enabling spatial scanning of the light beam

gg in MEMS-based endoscopic probes [3] as well as precise generation of the optical phase shift. In the liter-

56 ature, most phase-shifters for interferometric applications were proposed based on electrostatic comb-drive

57 actuators [4-7]. In 2003, Lee et al. were the first to propose a phase-shifter for interferometric systems based

58 on the levitation force produced by electrostatic comb-drive with in situ parallel plate capacitive sensing [4].

59

60
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In 2006, Choo et al. proposed a phase-shifter based on vertical electrostatic comb-drive made out of silicon.
This technology presents a great advantage of simplicity [5]. Finally, Chiou et al. presented a 3x3 array of in-
dividually actuated surface-micromachined micromirrors based on the same actuation technology than in [5]
for holographic data storage. The absence of position sensing in the two latter papers is a problem for the
implementation of PSI algorithm. For this purpose, Oda et al. demonstrated in 2012 a phase-shifter with in
situ position sensing based on silicon vertical comb technology. However, these phase-shifters are presented as
one optical component but no integration strategy in the final microinterferometer is presented. In particular,
MOEMS and MEMS components can be stacked using a multi-wafer vertical integration method to build the
array-type MOEMS-based microinterferometers. The potential of such integration has been demonstrated re-
cently for an electrostatically tuned grating microinterferometer for nm-scale displacement measurements [8]
as well as a miniature laser Twyman-Green interferometer [9] and 5x5 array of low-coherence Mirau microin-
terferometers [10]. The last two devices have been developed for a massively parallel in-line inspection of
MEMS. As a global strategy of integration of a microinterferometer, the Mirau configuration is well suited
due to its vertical architecture and integration capability. However, this transmission-based configuration
also imposes specific constraints such as a need of clear optical area around the micromirrors. Recently, the
design of an ”active” single channel Mirau interferometer has been proposed by Xu et al [11]. However, the
fabrication and the characterisation were not presented. Finally, the proposed design did not integrate the
objective lens.

In this paper, we present a Silicon-On-Insulator (SOI)-based electrostatic vertical microscanner that gener-
ates a vertical displacement of a large platform with a 4x4 array of reference micromirrors for the PSI-based
imaging in SS-OCT system with in situ position sensing. In the following sections, we describe in details the
technology of vertical comb-drive structures [12], that are employed for both actuation and sensing purposes

as well as the results of static and dynamic characterization.

2. Design and simulation
A. Integration of the microscanner in the microinteferometer

The vertical microscanner is a part of a global optical system and must meet its specifications. The design
of the optical coherence tomography system is defined in details in [13]. Figure 1 presents schematically the
construction of a multi-channel 4x4 Mirau microinterferometer, in which the microscanner is implemented.
The proposed microinterferometer is based on the vertical multi-wafer integration technology and consists
of a doublet of plano-convex glass lenses, a microscanner wafer with array of reference micromirrors, spacer
and planar beam splitter. The light is coming from the top, focused by the lens partly in the skin and
partly on the reference micromirror thanks to the beam splitter. The light going back from the skin and
from the mirror recombine at the beam splitter and interfere. The sum of the two light beams is recovered
by the Mirau lens. The interferometric signal, recorded by a camera, is used to reconstruct a 3D image of
the sample. Then the array of 16 micromirrors gives 16 3D images of the sample. The lateral dimensions of
each 3D image are defined by the micromirror size and its vertical dimension is linked to the swept-source
parameters. In-plane stitching is realized in order to scan a whole 3D volume of skin. In order to use phase
shifting technique, the microscanner generates the vertical movement of the whole 4x4 array of reference
micromirrors at a specific frequency. The applied phase modulating algorithm was proposed by P. Bu and
al. in [14]. This method is less sensitive to phase shift errors than standard phase shifting algorithm since
it is based on the amplitude and frequency modulation of the light created by the sinusoidal actuation of
the reference mirror. The algorithm is based on the acquisition of four interference images. Moreover, unlike
classical four steps phase shifting algorithm that requires a linear motion of the phase-shifter [5], this algo-

rithm is adapted to sinusoidal motion. The sequence of images is taken by a camera during one half of an
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1
2
2 actuation period, then the actuation frequency must be at least 8 times slower than the camera. Here, the
5 frame rate of the camera is set to 4 kfps and the actuation frequency to 500 Hz. In order to benefit from
6 the high quality factor of the resonant frequency, the system is designed to work at resonance. Finally, the
7 micromirror peak-to-peak displacement amplitude is set to 2 x %, which is the optimum value for the
g implementation of this algorithm as defined in [15]. The Ay and §\ of the swept light source is 840 nm and
10 50 nm, respectively. Thus, the amplitude of the micromirror displacement is 352 nm.
11 The construction of the microscanner has to fulfil several requirements related to the vertical integration
12 within the Mirau microinterferometer. First, the microscanner wafer must be positioned up-side down in
13 the wafer stack to ensure that the reference mirror faces the beam splitter (Fig. 1). The specificity of this
14 . L . . L . .

microscanner design is that it works in transmission, i.e. the area around the micromirror should be trans-
15 ’
16 parent whereas microscanners presented in the literature usually work in reflection. Moreover, microscanner
17 wafer must be compatible with the overall integration strategy based on anodic bonding (materials, process
18 temperature, surface quality)(Fig. 2). Finally, electrical interconnections is provided to drive the actuators
;‘g and sensors by external electronics. For this purpose, holes in the spacer are placed in such a way to enable
21 side access to the contact pads, located on the border of each chip, during wire bonding [16].
22
23 (a) Lensdiameter=1.9 mm (b)
4 NA(doublet) = 0.1
25 T Doublet of microlenses_,
26 Doublet of microlenses ’_WM 370 pm
27 Vertical microscanner B 500 pum  Vertical microscanner__,.
28 T
29 Spacer 3 mm Beamsplitter
30 A
31 Beamsplitter L = ] T500 um  Sample
32 Electrical connections
33 Sample
34
35 Fig. 1. Integration of the vertical microscanner within multi-channel ”active” Mirau microinterferometer: (a)
36 schematic cross-sectional view, (b) 3D expanded view.
37
38
39 @ (b)
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22
51
52
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54
55 Fig. 2. Electrostatic vertical microscanner with 4x4 array of reference micromirrors: (a) Schematic top view
56 (not in scale), (b) corresponding 3D view (in scale).
57
58
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B. The micromirror platform

The size and the shape of the micromirrors are defined by the optical design of the Mirau microinterferometer
as a 400 pum x 400 pm square. However, in this specific work, in-plane stitching is realized in order to
reconstruct a 3D image with total lateral dimensions equal to 8 mm x 8 mm. Therefore, square micromirrors
are preferred in order to facilitate digital processing of acquired X/Y images. Important design issue concerns
the minimization of the obscuration created by the micromirror in the center of the light beam. Moreover,
the light beam is focused in the skin by the doublet of 2 mm diameter glass lenses, with a numerical aperture
of the doublet of 0.1 [17]. The size of the square micromirror corresponds to a transmission of the mirror
plane of 94% (the clear aperture around the micromirror having a diameter of 1.84 mm), which is a typical
value when compared to reference literatures (70%-80%) [18,19]. As explained before, the implementation
of PST method implies that the micromirror cannot be simply deposited on the backside of the lenses [10]
but must be integrated onto an actuated platform and a clear aperture around the micromirror is needed.
Two solutions are then possible, either the micromirrors are deposited on a transparent membrane [20] or
they are suspended by suspensions. Integration of a glass membrane into an actuated silicon structure is a
technological challenge and complicates substantially the fabrication. Therefore, the a suspended mirror is
chosen. The suspensions, referred to as spider legs, obscure the light beam and create diffraction. However,
it has been shown that their impact is negligible in a certain range of design parameters such as their width,
number and radius of curvature [21]. According to the results of [21], the suspensions are chosen to be
50 pm wide and have a radius of curvature equal to the clear aperture diameter around the micromirror.
Finally, the platform is dimensioned to the array of micromirrors, vertically aligned with the lenses, forming
a 8 mm x 8 mm square. The platform is formed in a 40pum thick device layer of the SOI wafer and is
structured with holes in order to decrease its weight. Indeed the resonant frequency of the actuated platform
with micromirrors is 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 actuation force equal
to F, =k, X z is minimized and so the actuation energy. A honeycomb structure is chosen for its good
trade-off between mass and stiffness, preventing the possible vertical deformation of the platform. The static
deformation of the mirror platform has been studied in static (Fig. 3). The maximum vertical deformation
equals 140 nm which is much smaller than the axial resolution of the system that is 6um. Then this static
deformation has no impact for the imaging system. Moreover optical simulations, made with Zemax, were
done taking into account a tilt tolerance of 0.05 degree [13]. The angle, created by the vertical displacement
simulated here, corresponds to a maximum micromirror angle of 0.002 degree, which is below the optical

tolerance specification.
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Fig. 3. Impact of structuration of the suspended platform on its vertical static deformation (diagonal direc-
tion). 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 pm x 700 um square holes centered between the optical

apertures. These two simulations represent two limit cases in term of structuration.

C. The suspensions

In order to avoid in-plane parasitic movement of actuated micromirrors, spring suspensions have been de-
signed to be stiff in the in-plane directions. Additionally, asymmetric multi-folder springs are employed
due to their small foot print (Fig. 4). The vertical stiffness is set by the targeted resonant frequency
(500 Hz + 50 Hz) and the mass of the platform. The springs are placed around the platform so that
the in-plane total stiffness is the same in x and y directions. In the following, silicon is modelled as
an isotropic material which Young Modulus is equal to 170 GPa and Poisson’s ratio 0.26. However it

has been checked that simulation results with an anisotropic and an isotropic hypothesis are very close.

Symbol | Description Value

b w Beam width 30 um

t Beam thickness | 40 um

aI _____ ly =a | Beam 1 length 90 pum
- 1 . lp =>b | Beam 2 length | 2610 pum

wh 2 ls =a | Beam 3 length 90 pum
3 Iy =c | Beam 4 length | 2820 um

Table 1. Design parameter of the asymmetric
Fig. 4. Asymmetric springs dimensions. springs.

Simulations using Comsol and theoretical calculations have been performed in order to design the spring
according to the specifications (Table 1). Theoretical values have been retrieved using the energy method.
This method is well detailed in [22] and is based on Castigliano’s second theorem. To use this method, the
serpentine spring is decomposed in 4 straight beams that are analysed. The total strain energy of the linearly

elastic structure is calculated as follows:
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where I; 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;, J; is the Torsion constant of beam; and G and E are respectively the shear modulus

and the Young modulus of the material.

o0
; _ wt® _ 1.3 192w 1 imt
For a rectangle cross-section, I = %5 and J = sw’t(1 — =%5# > stanh()).
i=1,i odd

The moment and the torsion of each beam, created by My, Ty and F, are defined as follows:

M, = My — Fle T =Ty

My =Ty + Fze Ty = My — F.ly

M3z = My — F,(e+1) T3 =F.lo +Tp

My=F,*(la—€)+Tp (2) T)=My—ULF, —I3F, (3)
With the conditions:

oUu oUu oUu
—aMo —0,6—TO —Oanda—FZ =0z

and Iy = I3 = a, s = b and l4 = ¢, one obtains,

_F.  12EGIJ(2Ela+ GJ(b+c)(EI(b+c) +2GJa) 5)
5z SUM

k.

SUM = 12E31%ab(2ac + b? + be)
+4E*GI* Ja(4a3b + 16a%c + 6ab* + 3abc + 3abc® + 2b* + 5b*c — be® + 2¢*)
+ EG*1J?  (32a° + 8a®b® + 40a*bc + 32a°c? + 16a%b° + 24a*b*c — 24a*bc?
+16a%c® + b° + 5btc — 203¢? — 2073 + 5bet + )
+2G3 7% (8ab+ 8aPc + bt + 4b3c — 6b%c? + 4bc® + ¢*)) (6)

Following the same method, we calculate k, and k,. Table 2 summarizes the obtained results.

The mode shapes of the actuated platform are simulated to confirm stiffness calculations. The first mode
is confirmed to be the piston mode at 527 Hz, whereas the second mode and third mode are torsion modes
at 840 Hz (Fig. 5).
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Symbol | Description Value (N/m)

k. Lateral stiffness in x direction

Calculated (Simulated) 4.2 (4.2)
ky Lateral stiffness in y direction

Calculated (Simulated) 714 (714)
k. Out-of-plane stiffness

Calculated (Simulated) 6.8 (6.9)
4k, Total out-of-plane stiffness

Calculated (Simulated) 27.2 (27.6)

Table 2. Calculated and simulated stiffness of the suspension. The calculated mass m of the suspended
platform is equal to 2.46.10~5 kg which corresponds to a frequency of 530 Hz (533 Hz).

Mode 1 Mode 2 Mode 3

Fig. 5. Simulation of the three first natural modes of the vertical microscanner.

D. The actuator and sensor

Actuating and sensing are the core functions of the device. In order to use the phase shifting algorithm,
it is necessary to know the displacement amplitude of the micromirrors. Therefore, a capacitive sensor is
also integrated to the structure. Both the vertical actuators and sensors are based on the electrostatic field
created by vertical comb fingers (Fig. 6). This technology has been intensively used due to its relative
easiness of implementation in silicon-based MEMS [7, 23, 24]. Indeed, 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.

(@) (b) Configuration 1

== Fixed
Movable

Lt
z vy /,,/w\Loxverlap 1
T >, ‘ .
p \;j (c) Configuration 2
Lﬁ% > I

e g | 1 | TZ

Fig. 6. Assymetrical comb finger design : (a) Dimensions design, (b) Configuration 1, ¢) Configuration 2.
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Actuator The vertical electrostatic force is created by a change of capacitance in the vertical direction. This
is possible when a vertical asymmetry exists in the design of the comb fingers (Fig. 6, (b)). If parallel plate
capacitances are used to create lateral electrostatic actuator, here the fringing capacitances are 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:

Fo=5s—=V? (7)

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

Sensor The sensing function is created by differential capacitance. It has been shown that designing two
specific types of comb fingers (Fig. 6), their differential capacitance is linear as a function of the only vertical
displacement of the comb fingers [23]. When the movable finger moves up, the capacitance mainly changes
for the Configuration 2 (Fig. 6, ¢)) whereas if the movable finger moves down then the capacitance mainly
changes for the configuration 1 (Fig. 6, (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. 2.

Simulations Simulations of the capacitance have been performed with 3D FEM simulation using Intel-
lisuite to study both the actuation and the sensing functions since they are based on the same physical
phenomena. A model composed of one movable finger facing two fixed fingers were design. The Thermo-
Electro-Mechanical module was used. A MacroModelExtraction/Capacitance vs. displacement analysis and
a Static/Electro Thermo Relaxation analysis were 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. Then
Figure 7 shows the capacitance change for each of comb finger configurations with single movable finger
versus the platform displacement as well as their differential capacitance.
On the one hand, linear fitting of the differential curve allows to determine the sensitivity of one couple of
fingers 0.64 fF/um and then calculate the sensitivity of a differential sensor, made of 34 couples of fingers,
to be 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 for required by
PSI displacement amplitude.
On the other hand, the static displacement of the platform as a function of the applied voltage was sim-
ulated, based on a capacitance change simulation, for two finger gaps (4 and 5 um), and compared to the
experimentally obtained values (Fig.19).

The results of the capacitive simulation are coherent with the literature results (Sensitivity=0.66 fF/um
and 0.68 fF/um respectively in [24] and in [7] for similar parameters and technology) and are used to chose

the design parameters of the comb fingers (Table 3).
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Symbol | Description Value
Ltinger | Finger length 200 um
Loveriap | Finger overlap 190 pum
d Gap 5 pum
t Finger thickness 40 pm
w Finger width 10 um
Ngctuator | Total movable finger number 400
Ngensor | Total movable finger number per sensor type 136

Table 3. Design parameter of the asymmetric comb finger

— 25 T T T i I 3
L
= 24| ‘? m
(q\] — —_——~—
- ®©
; 23 I~ _ 0 _'é §
© 22f 1-1 2¢
Sy 1-2 £3
© i Qo
® 1-3 o
S 20f ) ) . 14 o
O ~<—Differential capacitance
19 | | | | | _5

-6 -4 -2 0 2 4 6
Vertical displacement z (um)

Fig. 7. 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.

3. Fabrication of the device

The technology of vertical scanner is based on double-side processing of SOI wafer using DRIE method. The
SOI substrate has been chosen since it ensures well-controlled thickness of device layer (40+ 0.5 pm), in
which the designed micromechanical structures will be formed. Indeed, the thickness parameter is of great
importance for vertically actuated structures because of the spring stiffness sensitivity and the necessity to
control a vertical offset between the comb fingers.

The first stage of the scanner fabrication, i.e. structuration of device layer, depends directly on the
fabrication method of asymmetric comb fingers. In this work, it is realized by a two-steps DRIE process
(Fig. 8). First, two mask layers, one in a silicon dioxide (t = 0.8 wm) and the other in a photoresist (t
= 2.5 pum), are formed on the device layer in two subsequent photolithography procedures (Fig. 8, steps
(a)). The alignment precision achieved was + 0.75 pm. These mask patterns, corresponding to the two
different sets of the facing fingers, are used in the first DRIE process to etch all comb fingers down to
the Buried Oxide (BOX) layer (ty = 40 wm). 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 (%tdl = 20
um), which creates a vertical asymmetry between the facing comb fingers. This second DRIE process,
realized with an ICP DRIE machine (Pegasus Rapier SPTS), 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 pm, because of an overestimated under-etching during masks creation and silicon etching. Finally, an
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Fig. 8. Flow chart of the fabrication process: (a) oxydation of SOI wafer (800 nm), (b) Photolithography and
ICP DRIE for structuration of SiO9 layer (Mask 1), ¢) 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) Vapor HF
etching of SiOs layers and BOX, h) Deposition of Cr/Au (10 nm/150 nm) by sputtering though physical
mask.

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. 9 B.).
This phenomena has already been observed in [23] where a passivation layer was deposited before RIE
etching step. One of the possible explanations 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 [23], solutions were suggested but not tested. Here, the proposed solution relies on increased time of SFg

etching cycle of Bosch procedure in order to systematically under-etch the remaining thin silicon wall (Fig. 9).

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 (¢,; = 500
um), must be completely etched to allow light transmission through the platform, around the micromirrors.
This etching step is realized through a 15 pm thick AZ9260 resist mask deposited on the SiOs layer. Note
that SiOs 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 (Figure 10). Therefore, a thin thermal silicon dioxide layer (¢ = 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. 8, 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

10
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15 Fig. 9. SEM image of fabricated comb fingers. A) SEM images : (a) Creation of silicon ?wall” during second
16 DRIE where there is no masking layer (Fig. 8 step e)) (b) Improved DRIE process to limit silicon "wall”
1; creation. B) Schematic of the formation of silicon walls during DRIE process : (a) Deposition of teflon
19 everywhere and isotropic etching of the teflon on horizontal surfaces, (b) Silicon etching , with formation
20 of free teflon walls, (c) Falling of teflon walls on the silicon, d) Deposition of teflon, (e) Isotropic etching of
21 teflon on horizontal surfaces, some teflon is left, (f) Silicon etching with teflon residue on horizontal surfaces
gg creating silicon walls, (g) Cleaning of the wafer.

%g mask, aligned thanks to bonding tools (Fig. 11). For this purpose, both the microscanner and physical
26 wafers are aligned directly in a EVG bonding tool using EVG620 mask alignment system, and then brought
27 into contact in EVG501 wafer bonder. The alignment is maintained in the sputtering machine thanks
ég to an adhesive teflon tape. The physical mask has been designed in order to minimize the tolerance sensitivity.
30

> @ @ =" (© —

- Buail mannp
34 0X

35

g? (b) (d)_ —

39 . ﬁ

40

41 — —
42 Fingers etched by the back side Silicon == BOX/SiO, = Teflon-lile polymer

ji Fig. 10. SEM image after back side DRIE. A : SEM images (a) Comb fingers that are partially etched from
45 the back side, (b) Zoom on one finger. B : Schematic of the etching of comb fingers by the back side through
46 BOX cracks : (a) Comb fingers SOI wafer, (b) Back side DRIE etching down to the BOX, (c¢) Creation of
j:; cracks in the BOX, (d) Penetration of etching plasma through the BOX from the back side to the front side
49 of the wafer resulting in comb fingers destruction.

50

51

52 Two strategies of fabrication were implemented: the first to enable the separation of individual chips from
53 the wafer and thus facilitate the characterization (Fig. 12) and the second for the future wafer-level integra-
54 tion within the Mirau microinterferometer (Fig. 13). With the first design, individual chips were separated
22 using UV tape to maintain them while manually cutting small silicon bridges and sucking up the dust using
57 vacuum system (Fig. 12). Finally, short exposure of tape to UV light allows gentle releasing the chips. One
58 wafer with this ”chip” design was fabricated without optimization and a yield of 71% was obtained. For
59

60
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(b)

irror silicon support
(Top side)

Shadow mask wafer
(Back side)
Tape to maintain alignment
through wafer holes

Chuck for sputtering machine

Fig. 11. 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.

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. 13 (a)).

: _._., UV film exposed

Fig. 12. Design 1: Individual chips separated from the wafer for characterization.

(a) (b)

Fig. 13. Design 2: Released microscanner that are kept at wafer level for future vertical wafer-level integration:

(a) Photograph of the wafer, (b) Zoom on one structure.

12
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4. Characterization of the device

The quality of the micromirrors was 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 were 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. 14 and a radius of curvature of 700 mm was measured by polynomial
fitting of the curve. This static deformation of the 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 % was measured for different incidence angles at 850 nm.

60 . T T T T
50
40
30
20
10

Z value (in nm)

0 100 200 300 400 500 600
X value (in pm)

Fig. 14. Vertical deformation of the micromirror along its diagonal.

The microactuators and the microsensors were characterized at the chip level. For the characterization
of individual chips, the device is glued and wire bonded to a MOEMS PCB, as in Fig. 15 (a), for further
capacitance measurements and actuators driving. In order to enable optical measurements, an aluminium
cap, equipped with a glass window, is crewed to the PCB (Fig. 15, (b)). A Mother PCB is also designed
to facilitate the connection of different MOEMS PCBs by use of vertical pins and sockets. This solution
enables the characterization of the microscanners out of the clean-room environment without the risk of
contamination. (Fig. 15, (b)). This system avoid the use of probes that does not allow a small packaging

system and which results in possible contamination of the chip under test.

(b)

~€&—— SMA connections to drive the actuators

MOEMS PCB Aluminum cap to protect the device
MOEMS Z-scanner MOEMS PCB
Mother PCB

Wire bonding

Fig. 15. Packaging of individual chips of microscanner: (a) MOEMS PCB with wire-bonded chip, (b) Com-
plete system with MOEMS PCB connected through vertical pins into Mother PCB.

Individual chips were characterized with the MEMS Analyzer (MSA-500) from Polytec (Fig. 16). Doppler
vibrometry is used for out-of plane displacement measurements. Static and dynamic measurements are
realized. Note that filters are used to stabilize the signal during the measurements. 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 frequency applied to all actuators. The first resonant frequency,

13



©CoO~NOUTA,WNPE

CONFIDENTIAL - AUTHOR SUBMITTED MANUSCRIPT JMM-101588.R1

(@) (®)
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Junction Box g Reference signal (Trigger)
O7] Connection to controller MOEMS PCB
| Computer Mother PC
L~ Vibrometer (@ Displacement controller 22223(:2;2;?; capacitive
Controller Connection to excitation signal

Fig. 16. MEMS analyzer setup for the displacement characterization: (a) Schematic of the connections, (b)
Photograph of the setup.

which is piston mode, was measured to be 543 Hz. The quality factor of the system was 50 based on
calculations with the spectral response (-3 dB) and the free-oscillations characterization (exponential
decrease) (respectively, Fig. 17 and 18). For such a large platform, this quality factor is relatively high
compared with the 3x3 array of individually driven micromirrors presented in [6], 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. 17, the peak corresponding to the second and third mode 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. 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 was retrieved as a function of the peak-to-peak
amplitude 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 was connected between
the signal excitation output and the MOEMS (Fig. 16 (a)). The static displacement is plotted as a function
of the applied voltage for voltages between 0 and 40 V in Fig. 19. The amplitude of vertical displacement
was 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 pum gap between moving
fingers. This result is consistent with the SEM measurements of the fabricated structures that show a finger

gap close to 4 um.

For the phase shifting, it is important to know the displacement amplitude of all the mirrors. The dynamic
displacement of the platform at resonant frequency was investigated at different points of the platform, i.e.
at the position of the four micromirrors (see Fig. 2,(b)) forming a quarter of the platform (Fig. 20). The
actuation voltage is set to Vy = 1+ 1 x sin(wot) V. 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

14
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23 Fig. 17. Spectral response analysis of the device: (a) displacement, (b) phase.
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53 Fig. 19. Static displacement as a function of applied voltage, measured by Laser Doppler vibrometry.
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55 proportional to sin(wgt) and a force proportional to sin(2wot + 7). Here, the quality factor Q of the first
56 mode (wp) is much higher so that the signal in sin(2wot + %) is negligible and the dynamic displacement is
2
57 synchronous with the driving voltage. Moreover, here, only dynamic displacements were measured and not
58
59
60
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the DC displacement. The measured displacement, much larger than the targeted one, shows the potential
of this microscanner for medical imaging applications, for which small voltages are 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 [15]. This displacement of 70 nm is within the

tolerances presented in the article.

800 T T T T I

600 | — Mirror 1 ||
T —  Mirror 2
S 400 —  Mirror 3 [|
c 200 Mirror 4 H
@
€ 0 i
8
& —200 E
3 —400 | .
O _e00 | 1

—800 I I I I I
4.0 4.5 5.0 5.5 6.0 6.5 7.0

Time (ms)

Fig. 20. Vertical displacement of the micromirror under dynamic driving voltage: (a) Mirror 1, (b) Mirror 2,
(¢) Mirror 3, (d) Mirror 4.

Finally, characterization of the sensing function has been performed. An impedance analyser (Agilent HP
4194A) is used to measure successively the capacitance of all the sensors as a function of applied voltage. The
continuous polarization of the microactuators is obtained by an association of batteries in series (5 x 9V)
to limit noise effects during the measurements. A high nominal capacitance was measured around 50 pF
with a precision of +5fF. This can be explained by parasitic capacitances. However, here, the variations of
the capacitances are interesting to retrieve the vertical displacement. Therefore this nominal capacitance,
i.e. the capacitance measured at Vctyation = 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. 19. The differential capacitance of each sensor, i.e.
the capacitance of Configuration 1 minus the capacitance of Configuration 2, is plotted as a function of the
vertical displacement in Fig. 21. 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 sensitivity 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.
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Fig. 21. Measured differential capacitance for each sensor of a chip and their corresponding sensitivity: (a)
Sensor 1, (b) Sensor 2, (¢) Sensor 3, (d) Sensor 4.

5. Conclusion

We report the design, the simulation and the fabrication of a micromirror electrostatic vertical microscanner
which is a key component of a multi-channel ”active” Mirau microinterferometer. Each functional part
of the microscanner is developed according to the optical design of the microinterferometer in which the
microscanner is to be integrated. In particular, the fabrication process is optimized and described in details
for typical critical steps in MOEMS fabrication, e.g. protection of optical coatings, asymmetric vertical
comb-drive etching, release of an actuated structure and chip separation. Finally, the characterization
confirms that the microscanner meets the optical and mechanical targeted specifications. For the implemen-
tation of the phase modulating algorithm, the microscanner is driven sinusoidally at its resonance frequency
(~ 500 Hz). The use of such technique leads to a enhancement of the dynamic signal of the optical system.
This miniaturized multi-channel interferometer shows the potential of MOEMS for the development of
vertically integrated microsystems for applications in biomedical imaging. Future perspectives include the
vertical wafer-level assembly of the microlens wafer, the micromirror wafer and the beam splitter wafer for
the realization of the ”active” Mirau microinterferometer. This vertical assembly is based on a silicon-glass
anodic bonding. This process is potentially dangerous for the final optical quality of the micromirrors due to
the high bonding temperature and for the microactuator due to the generated electrical field. Hence these
steps require further work. Finally, the whole stack must be diced into individual chips which is not trivial
due to the total thickness of the stack (5 mm).
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We present a micromachined vertical scanner with a 4x4 array of suspended ”spider-type”
micromirrors which is a key component of a multi-channel ”active” Mirau microint-
erferometer. The microscanner provides for the vertical displacement of the reference
micromirrors for the implementation of phase shifting technique. Vertical comb-drive
structures are employed for actuation of micromirrors (displacement range of 1 hundreds
of nm at 500 Hz) as well as for in situ capacitive displacement sensing. Integration of
micro-opto-electro-mechanical microscanners in handheld interference microscope has the
advantage to significantly decrease instrument size because of the small footprint of the
microscanner. Particularly interesting applications are low-cost and portable microsystems
for parallel inspection of biological tissues, e.g. early diagnosis of specific diseases such as

skin cancers.

1. Introduction

The interferometric techniques are fundamental to the optical metrology due to their unique capability of
non-destructive and high-accuracy measurement of a broad range of quantities. An increasing demand for the
reduction of system size (portability), lower cost as well as several new metrology challenges, such as in-vivo
imaging, have made the miniaturization of interferometric systems an important issue. The combination
of the array-type microinterferometers and interferometry-based imaging methods enables construction of
portable systems for in-vivo medical diagnostics. The swept source optical coherence tomography (SS-OCT)
is a particularly interesting candidate since it allows a fast and non-invasive 3-D reconstruction of tissue
morphology within significant penetration depth (~ 1 mm) and high resolution (5-10 pum) [1]. Moreover, the
implementation of the phase shifting interferometry (PSI) technique [2] with ”active” microinterferometer
allows to improve sensitivity and to remove some drawbacks of the SS-OCT technique, such as the presence
of artefacts in tomography images. PSI techniques are particularly efficient to remove disturbing interfer-
ometric terms such as the mirror term, the DC term and the auto-correlation term. Then, this technique
leads to an increase of the signal dynamic.

For this purpose, the micro-opto-electro-mechanical (MOEMS) approach offers not only size and cost re-
duction , but also the implementation of actuated micromirrors, enabling spatial scanning of the light beam
in MEMS-based endoscopic probes [3] as well as precise generation of the optical phase shift. In the liter-
ature, most phase-shifters for interferometric applications were proposed based on electrostatic comb-drive
actuators [4-7]. In 2003, Lee et al. were the first to propose a phase-shifter for interferometric systems based

on the levitation force produced by electrostatic comb-drive with in situ parallel plate capacitive sensing [4].
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In 2006, Choo et al. proposed a phase-shifter based on vertical electrostatic comb-drive made out of silicon.
This technology presents a great advantage of simplicity [5]. Finally, Chiou et al. presented a 3x3 array of in-
dividually actuated surface-micromachined micromirrors based on the same actuation technology than in [5]
for holographic data storage. The absence of position sensing in the two latter papers is a problem for the
implementation of PSI algorithm. For this purpose, Oda et al. demonstrated in 2012 a phase-shifter with in
situ position sensing based on silicon vertical comb technology. However, these phase-shifters are presented as
one optical component but no integration strategy in the final microinterferometer is presented. In particular,
MOEMS and MEMS components can be stacked using a multi-wafer vertical integration method to build the
array-type MOEMS-based microinterferometers. The potential of such integration has been demonstrated re-
cently for an electrostatically tuned grating microinterferometer for nm-scale displacement measurements [8]
as well as a miniature laser Twyman-Green interferometer [9] and 5x5 array of low-coherence Mirau microin-
terferometers [10]. The last two devices have been developed for a massively parallel in-line inspection of
MEMS. As a global strategy of integration of a microinterferometer, the Mirau configuration is well suited
due to its vertical architecture and integration capability. However, this transmission-based configuration
also imposes specific constraints such as a need of clear optical area around the micromirrors. Recently, the
design of an ”active” single channel Mirau interferometer has been proposed by Xu et al [11]. However, the
fabrication and the characterisation were not presented. Finally, the proposed design did not integrate the
objective lens.

In this paper, we present a Silicon-On-Insulator (SOI)-based electrostatic vertical microscanner that gener-
ates a vertical displacement of a large platform with a 4x4 array of reference micromirrors for the PSI-based
imaging in SS-OCT system with in situ position sensing. In the following sections, we describe in details the
technology of vertical comb-drive structures [12], that are employed for both actuation and sensing purposes

as well as the results of static and dynamic characterization.

2. Design and simulation
A. Integration of the microscanner in the microinteferometer

The vertical microscanner is a part of a global optical system and must meet its specifications. The design
of the optical coherence tomography system is defined in details in [13]. Figure 1 presents schematically the
construction of a multi-channel 4x4 Mirau microinterferometer, in which the microscanner is implemented.
The proposed microinterferometer is based on the vertical multi-wafer integration technology and consists
of a doublet of plano-convex glass lenses, a microscanner wafer with array of reference micromirrors, spacer
and planar beam splitter. The light is coming from the top, focused by the lens partly in the skin and
partly on the reference micromirror thanks to the beam splitter. The light going back from the skin and
from the mirror recombine at the beam splitter and interfere. The sum of the two light beams is recovered
by the Mirau lens. The interferometric signal, recorded by a camera, is used to reconstruct a 3D image of
the sample. Then the array of 16 micromirrors gives 16 3D images of the sample. The lateral dimensions of
each 3D image are defined by the micromirror size and its vertical dimension is linked to the swept-source
parameters. In-plane stitching is realized in order to scan a whole 3D volume of skin. In order to use phase
shifting technique, the microscanner generates the vertical movement of the whole 4x4 array of reference
micromirrors at a specific frequency. The applied phase modulating algorithm was proposed by P. Bu and
al. in [14]. This method is less sensitive to phase shift errors than standard phase shifting algorithm since
it is based on the amplitude and frequency modulation of the light created by the sinusoidal actuation of
the reference mirror. The algorithm is based on the acquisition of four interference images. Moreover, unlike
classical four steps phase shifting algorithm that requires a linear motion of the phase-shifter [5], this algo-

rithm is adapted to sinusoidal motion. The sequence of images is taken by a camera during one half of an
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actuation period, then the actuation frequency must be at least 8 times slower than the camera. Here, the
frame rate of the camera is set to 4 kfps and the actuation frequency to 500 Hz. In order to benefit from
the high quality factor of the resonant frequency, the system is designed to work at resonance. Finally, the
micromirror peak-to-peak displacement amplitude is set to 2 x %, which is the optimum value for the
implementation of this algorithm as defined in [15]. The Ay and §\ of the swept light source is 840 nm and
50 nm, respectively. Thus, the amplitude of the micromirror displacement is 352 nm.

The construction of the microscanner has to fulfil several requirements related to the vertical integration
within the Mirau microinterferometer. First, the microscanner wafer must be positioned up-side down in
the wafer stack to ensure that the reference mirror faces the beam splitter (Fig. 1). The specificity of this
microscanner design is that it works in transmission, i.e. the area around the micromirror should be trans-
parent whereas microscanners presented in the literature usually work in reflection. Moreover, microscanner
wafer must be compatible with the overall integration strategy based on anodic bonding (materials, process
temperature, surface quality)(Fig. 2). Finally, electrical interconnections is provided to drive the actuators
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 [16].

Lensdiameter=1.9 mm (b)
NA(doublet) = 0.1

Doublet of microlenses_,
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Spacer A 3 mm Beamsplitter

Beamsplitter L L= ] T500 um  Sample

Electrical connections

Sample

Fig. 1. Integration of the vertical microscanner within multi-channel ”active” Mirau microinterferometer: (a)

schematic cross-sectional view, (b) 3D expanded view.

(2) (b)
S32 S31 A3 Electrical isolation Mirror 3

Mirror 4 Mirror 1

Electrical contact

} Differential sensor s

Structured platform

Suspension

Mirror

A1 S11 812

Fig. 2. Electrostatic vertical microscanner with 4x4 array of reference micromirrors: (a) Schematic top view

(not in scale), (b) corresponding 3D view (in scale).
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B.  The micromirror platform

The size and the shape of the micromirrors are defined by the optical design of the Mirau microinterferometer
as a 400 pum x 400 pm square. However, in this specific work, in-plane stitching is realized in order to
reconstruct a 3D image with total lateral dimensions equal to 8 mm x 8 mm. Therefore, square micromirrors
are preferred in order to facilitate digital processing of acquired X/Y images. Important design issue concerns
the minimization of the obscuration created by the micromirror in the center of the light beam. Moreover,
the light beam is focused in the skin by the doublet of 2 mm diameter glass lenses, with a numerical aperture
of the doublet of 0.1 [17]. The size of the square micromirror corresponds to a transmission of the mirror
plane of 94% (the clear aperture around the micromirror having a diameter of 1.84 mm), which is a typical
value when compared to reference literatures (70%-80%) [18,19]. As explained before, the implementation
of PSI method implies that the micromirror cannot be simply deposited on the backside of the lenses [10]
but must be integrated onto an actuated platform and a clear aperture around the micromirror is needed.
Two solutions are then possible, either the micromirrors are deposited on a transparent membrane [20] or
they are suspended by suspensions. Integration of a glass membrane into an actuated silicon structure is a
technological challenge and complicates substantially the fabrication. Therefore, the a suspended mirror is
chosen. The suspensions, referred to as spider legs, obscure the light beam and create diffraction. However,
it has been shown that their impact is negligible in a certain range of design parameters such as their width,
number and radius of curvature [21]. According to the results of [21], the suspensions are chosen to be
50 pm wide and have a radius of curvature equal to the clear aperture diameter around the micromirror.
Finally, the platform is dimensioned to the array of micromirrors, vertically aligned with the lenses, forming
a 8 mm x 8 mm square. The platform is formed in a 40um thick device layer of the SOI wafer and is
structured with holes in order to decrease its weight. Indeed the resonant frequency of the actuated platform
with micromirrors is 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 actuation force equal
to F, = k, X z is minimized and so the actuation energy. A honeycomb structure is chosen for its good
trade-off between mass and stiffness, preventing the possible vertical deformation of the platform. The static
deformation of the mirror platform has been studied in static (Fig. 3). The maximum vertical deformation
equals 140 nm which is much smaller than the axial resolution of the system that is 6um. Then this static
deformation has no impact for the imaging system. Moreover optical simulations, made with Zemax, were
done taking into account a tilt tolerance of 0.05 degree [13]. The angle, created by the vertical displacement
simulated here, corresponds to a maximum micromirror angle of 0.002 degree, which is below the optical

tolerance specification.



©CoO~NOUTA,WNPE

CONFIDENTIAL - AUTHOR SUBMITTED MANUSCRIPT JMM-101588.R1

Model without structuration Model with structuration
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Fig. 3. Impact of structuration of the suspended platform on its vertical static deformation (diagonal direc-
tion). 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 pm x 700 um square holes centered between the optical

apertures. These two simulations represent two limit cases in term of structuration.

C. The suspensions

In order to avoid in-plane parasitic movement of actuated micromirrors, spring suspensions have been de-
signed to be stiff in the in-plane directions. Additionally, asymmetric multi-folder springs are employed
due to their small foot print (Fig. 4). The vertical stiffness is set by the targeted resonant frequency
(500 Hz + 50 Hz) and the mass of the platform. The springs are placed around the platform so that
the in-plane total stiffness is the same in x and y directions. In the following, silicon is modelled as
an isotropic material which Young Modulus is equal to 170 GPa and Poisson’s ratio 0.26. However it

has been checked that simulation results with an anisotropic and an isotropic hypothesis are very close.

Symbol | Description Value

b W Beam width 30 um

t Beam thickness | 40 pm

aI _____ ly =a | Beam 1 length 90 pum
1 . lo =0 | Beam 2 length | 2610 um

wh 2 ls =a | Beam 3 length 90 pum
3 Iy =c | Beam 4 length | 2820 um

Table 1. Design parameter of the asymmetric
Fig. 4. Asymmetric springs dimensions. springs.

Simulations using Comsol and theoretical calculations have been performed in order to design the spring
according to the specifications (Table 1). Theoretical values have been retrieved using the energy method.
This method is well detailed in [22] and is based on Castigliano’s second theorem. To use this method, the
serpentine spring is decomposed in 4 straight beams that are analysed. The total strain energy of the linearly

elastic structure is calculated as follows:

Page 24 of 38



Page 25 of 38 CONFIDENTIAL - AUTHOR SUBMITTED MANUSCRIPT JMM-101588.R1

1 n l; Mz2 n l; TiQ
U= 3 (;/0 EIidEJr;/O GJid€> (1)

where [; is the length of beam;, M; is the Moment of beam,;, T; is the Torsion of beam;, I; is the Moment

©CoO~NOUTA,WNPE

10 of Inertia of beam;, J; is the Torsion constant of beam; and G and E are respectively the shear modulus
11 and the Young modulus of the material.

o0
. 3 7
12 For a rectangle cross-section, I = %L and J = fw3t(1 — 122 > Ltanh(EL)).
i=1,i odd

15 The moment and the torsion of each beam, created by My, Ty, and F, are defined as follows:

18 My = My — F.e T =1Tp

20 My =Ty + Fze Ty = My — F.ly

21 My = My — F.(e+11) Ty = Fuly + Ty

23 My=F,*(la—€)+Tp (2) Ty =My — UL F, —I3F, (3)
With the conditions:

26 oU oU oUu
27 TMO—O,a—TO—Oanda—FZ—éz

31 and Iy = I3 = a, I3 = b and l4 = ¢, one obtains,

F, 12EGIJ(2Ela+ GJ(b+¢))(EI(b+c)+2GJa)
33 k,=—-"= (5)
34 0z SUM

36 SUM = 12E31%ab(2ac + b + be)

+4E%GI* Ja(4a3b + 16a%c + 6ab* + 3abc + 3abc® + 2b* + 5b%c — be® + 2¢*)

39 + EG*1J?  (32d° + 8ab? + 40a>bc + 32a°c* + 16a*b* + 24a*b*c — 24a%bc?

+16a%c® + b° + 5btc — 203¢? — 2073 + 5bet + )

42 +2G3 7% (8ab+ 8aPc + bt + 4b3c — 6b%c? + 4bc® + ) (6)

44 Following the same method, we calculate k, and k,. Table 2 summarizes the obtained results.

45 The mode shapes of the actuated platform are simulated to confirm stiffness calculations. The first mode
is confirmed to be the piston mode at 527 Hz, whereas the second mode and third mode are torsion modes
48 at 840 Hz (Fig. 5).
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Symbol | Description Value (N/m)

ks Lateral stiffness in x direction

Calculated (Simulated) 4.2 (4.2)
ky Lateral stiffness in y direction

Calculated (Simulated) 714 (714)
k. Out-of-plane stiffness

Calculated (Simulated) 6.8 (6.9)
4k, Total out-of-plane stiffness

Calculated (Simulated) 27.2 (27.6)

Table 2. Calculated and simulated stiffness of the suspension. The calculated mass m of the suspended
platform is equal to 2.46.10~% kg which corresponds to a frequency of 530 Hz (533 Hz).

Mode 1 Mode 2 Mode 3

Fig. 5. Simulation of the three first natural modes of the vertical microscanner.

D. The actuator and sensor

Actuating and sensing are the core functions of the device. In order to use the phase shifting algorithm,
it is necessary to know the displacement amplitude of the micromirrors. Therefore, a capacitive sensor is
also integrated to the structure. Both the vertical actuators and sensors are based on the electrostatic field
created by vertical comb fingers (Fig. 6). This technology has been intensively used due to its relative
easiness of implementation in silicon-based MEMS [7, 23, 24]. Indeed, 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.

(@) (b) Configuration 1

== Fixed
Movable

it
z vy /,,A\Lciverlap i
T V2\,«' ‘ .
p \;j (c) Configuration 2
Lﬁf% ; o

W 7 [ | i [ | TZ

Fig. 6. Assymetrical comb finger design : (a) Dimensions design, (b) Configuration 1, ¢) Configuration 2.
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Actuator The vertical electrostatic force is created by a change of capacitance in the vertical direction. This
is possible when a vertical asymmetry exists in the design of the comb fingers (Fig. 6, (b)). If parallel plate
capacitances are used to create lateral electrostatic actuator, here the fringing capacitances are 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:

Fo=s—=V? (7)

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

Sensor The sensing function is created by differential capacitance. It has been shown that designing two
specific types of comb fingers (Fig. 6), their differential capacitance is linear as a function of the only vertical
displacement of the comb fingers [23]. When the movable finger moves up, the capacitance mainly changes
for the Configuration 2 (Fig. 6, ¢)) whereas if the movable finger moves down then the capacitance mainly
changes for the configuration 1 (Fig. 6, (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. 2.

Simulations Simulations of the capacitance have been performed with 3D FEM simulation using Intel-
lisuite to study both the actuation and the sensing functions since they are based on the same physical
phenomena. A model composed of one movable finger facing two fixed fingers were design. The Thermo-
Electro-Mechanical module was used. A MacroModelExtraction/Capacitance vs. displacement analysis and
a Static/Electro Thermo Relaxation analysis were 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. Then
Figure 7 shows the capacitance change for each of comb finger configurations with single movable finger
versus the platform displacement as well as their differential capacitance.
On the one hand, linear fitting of the differential curve allows to determine the sensitivity of one couple of
fingers 0.64 fF/uwm and then calculate the sensitivity of a differential sensor, made of 34 couples of fingers,
to be 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 for required by
PSI displacement amplitude.
On the other hand, the static displacement of the platform as a function of the applied voltage was sim-
ulated, based on a capacitance change simulation, for two finger gaps (4 and 5 um), and compared to the
experimentally obtained values (Fig.19).

The results of the capacitive simulation are coherent with the literature results (Sensitivity=0.66 fF/um
and 0.68 fF/um respectively in [24] and in [7] for similar parameters and technology) and are used to chose

the design parameters of the comb fingers (Table 3).
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Symbol | Description Value
Ltinger | Finger length 200 um
Lovertap | Finger overlap 190 pum
d Gap 5 pum
t Finger thickness 40 pm
w Finger width 10 um
Ngctuator | Total movable finger number 400
Ngensor | Total movable finger number per sensor type 136

Table 3. Design parameter of the asymmetric comb finger
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Fig. 7. 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.

3. Fabrication of the device

The technology of vertical scanner is based on double-side processing of SOI wafer using DRIE method. The
SOI substrate has been chosen since it ensures well-controlled thickness of device layer (40+ 0.5 pm), in
which the designed micromechanical structures will be formed. Indeed, the thickness parameter is of great
importance for vertically actuated structures because of the spring stiffness sensitivity and the necessity to
control a vertical offset between the comb fingers.

The first stage of the scanner fabrication, i.e. structuration of device layer, depends directly on the
fabrication method of asymmetric comb fingers. In this work, it is realized by a two-steps DRIE process
(Fig. 8). First, two mask layers, one in a silicon dioxide (t = 0.8 wm) and the other in a photoresist (t
= 2.5 pum), are formed on the device layer in two subsequent photolithography procedures (Fig. 8, steps
(a)). The alignment precision achieved was + 0.75 wm. These mask patterns, corresponding to the two
different sets of the facing fingers, are used in the first DRIE process to etch all comb fingers down to
the Buried Oxide (BOX) layer (ty = 40 wm). 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 SiOs 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 (%tdl = 20
um), which creates a vertical asymmetry between the facing comb fingers. This second DRIE process,
realized with an ICP DRIE machine (Pegasus Rapier SPTS), 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 pm, because of an overestimated under-etching during masks creation and silicon etching. Finally, an
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Fig. 8. Flow chart of the fabrication process: (a) oxydation of SOI wafer (800 nm), (b) Photolithography and
ICP DRIE for structuration of SiO9 layer (Mask 1), ¢) 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) Vapor HF
etching of SiOs layers and BOX, h) Deposition of Cr/Au (10 nm/150 nm) by sputtering though physical
mask.

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. 9 B.).
This phenomena has already been observed in [23] where a passivation layer was deposited before RIE
etching step. One of the possible explanations 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 [23], solutions were suggested but not tested. Here, the proposed solution relies on increased time of SFg

etching cycle of Bosch procedure in order to systematically under-etch the remaining thin silicon wall (Fig. 9).

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 (¢5; = 500
um), must be completely etched to allow light transmission through the platform, around the micromirrors.
This etching step is realized through a 15 pum thick AZ9260 resist mask deposited on the SiOs layer. Note
that SiOs 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 (Figure 10). Therefore, a thin thermal silicon dioxide layer (¢ = 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. 8, 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

10
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Fig. 9. SEM image of fabricated comb fingers. A) SEM images : (a) Creation of silicon ?wall” during second
DRIE where there is no masking layer (Fig. 8 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.

mask, aligned thanks to bonding tools (Fig. 11). 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.

A. B Sio,

(@) ® (@ (C)D_D. —

T

Fingers etched by the back side Silicon == BOX/SiO, = Teflon-lile polymer

Fig. 10. 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.

Two strategies of fabrication were implemented: the first to enable the separation of individual chips from
the wafer and thus facilitate the characterization (Fig. 12) and the second for the future wafer-level integra-
tion within the Mirau microinterferometer (Fig. 13). 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. 12). 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

11
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Chuck for sputtering machine

15 Fig. 11. Deposition of Cr/Au layer on micromirrors and pads using shadow mask wafer: (a) image of the
16 shadow wafer aligned with the SOI wafer showing the mirror silicon support, (b) a global view of the aligned

17 wafers (top : shadow mask, bottom : SOI wafer) ready for the mirror sputtering.

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. 13 (a)).

38 Fig. 12. Design 1: Individual chips separated from the wafer for characterization.

41 (@ (b)

56 Fig. 13. Design 2: Released microscanner that are kept at wafer level for future vertical wafer-level integration:
57 (a) Photograph of the wafer, (b) Zoom on one structure.

12
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4. Characterization of the device

The quality of the micromirrors was 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 were 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. 14 and a radius of curvature of 700 mm was measured by polynomial
fitting of the curve. This static deformation of the reference micromirror does not affect the optical system
since its maximal deformation (52 nm) is much smaller than the axial resolution of 6 pum. Finally, a high

reflectivity of 97 % was measured for different incidence angles at 850 nm.
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Fig. 14. Vertical deformation of the micromirror along its diagonal.

The microactuators and the microsensors were characterized at the chip level. For the characterization
of individual chips, the device is glued and wire bonded to a MOEMS PCB, as in Fig. 15 (a), for further
capacitance measurements and actuators driving. In order to enable optical measurements, an aluminium
cap, equipped with a glass window, is crewed to the PCB (Fig. 15, (b)). A Mother PCB is also designed
to facilitate the connection of different MOEMS PCBs by use of vertical pins and sockets. This solution
enables the characterization of the microscanners out of the clean-room environment without the risk of
contamination. (Fig. 15, (b)). This system avoid the use of probes that does not allow a small packaging

system and which results in possible contamination of the chip under test.

(b)

~€&—— SMA connections to drive the actuators

MOEMS PCB Aluminum cap to protect the device
MOEMS Z-scanner MOEMS PCB
Mother PCB

Wire bonding

Fig. 15. Packaging of individual chips of microscanner: (a) MOEMS PCB with wire-bonded chip, (b) Com-
plete system with MOEMS PCB connected through vertical pins into Mother PCB.

Individual chips were characterized with the MEMS Analyzer (MSA-500) from Polytec (Fig. 16). Doppler
vibrometry is used for out-of plane displacement measurements. Static and dynamic measurements are
realized. Note that filters are used to stabilize the signal during the measurements. 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 frequency applied to all actuators. The first resonant frequency,

13
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24
25 Fig. 16. MEMS analyzer setup for the displacement characterization: (a) Schematic of the connections, (b)
2? Photograph of the setup.
28 S :
29 which is piston mode, was measured to be 543 Hz. The quality factor of the system was 50 based on
30 calculations with the spectral response (-3 dB) and the free-oscillations characterization (exponential
31 decrease) (respectively, Fig. 17 and 18). For such a large platform, this quality factor is relatively high
32 compared with the 3x3 array of individually driven micromirrors presented in [6], for which the quality
gi factor of each micromirror is 41. The measured resonant frequency corresponds to a vertical spring stiffness
35 of 7.2 N/m, which is coherent with the simulations, if we take into account mass = 2.46.107% kg. Finally in
36 Fig. 17, the peak corresponding to the second and third mode cannot be seen because it is too small when
37 symmetric actuation is provided by driving of the four actuators. Then the torsional modes will not interfere
gg when piston mode vertical actuation at the resonant frequency is performed. Static measurements were
40 done by applying simultaneously a square signal to the 4 actuators at very low frequency (10 Hz) so that
41 doppler vibrometry could be used. The static displacement was retrieved as a function of the peak-to-peak
42 amplitude of the excitation square signal, between 0 V and the actuation voltage (0 - 40 V). Due to a
131 limitation of the internal excitation signal of the MSA-500, an external amplifier was connected between
45 the signal excitation output and the MOEMS (Fig. 16 (a)). The static displacement is plotted as a function
46 of the applied voltage for voltages between 0 and 40 V in Fig. 19. The amplitude of vertical displacement
47 was measured between 0 and approximately 2.8 um, slightly depending on the gap fingers. Though, the
48 measured static displacement curve is closer to the simulated curve obtained for 4 um gap between moving
gg fingers. This result is consistent with the SEM measurements of the fabricated structures that show a finger
51 gap close to 4 um.
52
53 For the phase shifting, it is important to know the displacement amplitude of all the mirrors. The dynamic
gg displacement of the platform at resonant frequency was investigated at different points of the platform, i.e.
56 at the position of the four micromirrors (see Fig. 2,(b)) forming a quarter of the platform (Fig. 20). The

7 actuation voltage is set to V3 = 14+ 1 x sin(wgt) V. Note that the electrostatic force is proportional to the
5
58 square of the voltage. Then, with the applied voltage V,, the obtained force is a sum of a DC force, a force
59
60

14
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Fig. 17. Spectral response analysis of the device: (a) displacement, (b) phase.
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Fig. 18. Free oscillation in response to a square signal (0-5V).
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Fig. 19. Static displacement as a function of applied voltage, measured by Laser Doppler vibrometry.

proportional to sin(wgt) and a force proportional to sin(2wot + 7). Here, the quality factor Q of the first

mode (wp) is much higher so that the signal in sin(2wot + %) is negligible and the dynamic displacement is

synchronous with the driving voltage. Moreover, here, only dynamic displacements were measured and not

15
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the DC displacement. The measured displacement, much larger than the targeted one, shows the potential
of this microscanner for medical imaging applications, for which small voltages are 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 [15]. This displacement of 70 nm is within the

tolerances presented in the article.
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Fig. 20. Vertical displacement of the micromirror under dynamic driving voltage: (a) Mirror 1, (b) Mirror 2,
(¢) Mirror 3, (d) Mirror 4.

Finally, characterization of the sensing function has been performed. An impedance analyser (Agilent HP
4194A) is used to measure successively the capacitance of all the sensors as a function of applied voltage. The
continuous polarization of the microactuators is obtained by an association of batteries in series (5 x 9V)
to limit noise effects during the measurements. A high nominal capacitance was measured around 50 pF
with a precision of +5fF. This can be explained by parasitic capacitances. However, here, the variations of
the capacitances are interesting to retrieve the vertical displacement. Therefore this nominal capacitance,
i.e. the capacitance measured at Vctyation = 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. 19. The differential capacitance of each sensor, i.e.
the capacitance of Configuration 1 minus the capacitance of Configuration 2, is plotted as a function of the
vertical displacement in Fig. 21. 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 sensitivity 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.
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Fig. 21. Measured differential capacitance for each sensor of a chip and their corresponding sensitivity: (a)
Sensor 1, (b) Sensor 2, (¢) Sensor 3, (d) Sensor 4.

5. Conclusion

We report the design, the simulation and the fabrication of a micromirror electrostatic vertical microscanner
which is a key component of a multi-channel ”active” Mirau microinterferometer. Each functional part
of the microscanner is developed according to the optical design of the microinterferometer in which the
microscanner is to be integrated. In particular, the fabrication process is optimized and described in details
for typical critical steps in MOEMS fabrication, e.g. protection of optical coatings, asymmetric vertical
comb-drive etching, release of an actuated structure and chip separation. Finally, the characterization
confirms that the microscanner meets the optical and mechanical targeted specifications. For the implemen-
tation of the phase modulating algorithm, the microscanner is driven sinusoidally at its resonance frequency
(~ 500 Hz). The use of such technique leads to a enhancement of the dynamic signal of the optical system.
This miniaturized multi-channel interferometer shows the potential of MOEMS for the development of
vertically integrated microsystems for applications in biomedical imaging. Future perspectives include the
vertical wafer-level assembly of the microlens wafer, the micromirror wafer and the beam splitter wafer for
the realization of the ”active” Mirau microinterferometer. This vertical assembly is based on a silicon-glass
anodic bonding. This process is potentially dangerous for the final optical quality of the micromirrors due to
the high bonding temperature and for the microactuator due to the generated electrical field. Hence these
steps require further work. Finally, the whole stack must be diced into individual chips which is not trivial
due to the total thickness of the stack (5 mm).
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