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ABSTRACT

This paper reports the design and microfabricadiban
electrostatically actuated CMOS-MEMS micromirrorttwi
elevated electrodes. Two sets of bimorphs are gragldo
create mismatched vertical comb drives for mirror
actuation. Device structural design and fabricapoocess
are detailed and device performance such as sa@annin
angles is simulated using CoventorWare, an intedrat
MEMS simulator. With a 26 V driving voltage appli¢al
the mismatched comb drives alternately, a rotatiangle
of over £12° can be realized. The device chips were
fabricated using AMI 0.5 pm CMOS technology through

MOSIS. DRIE post-CMOS microfabrication was
performed for device release.
Keywords:. CMOS-MEMS, electrostatic, micromirror,
vertical comb-drive
1 INTRODUCTION
Electrostatic actuation has advantages of easy
implementation and low actuation power. Verticamb

drives (VCD) have been studied for sensing andirtyiof
a wide variety of optical and other MEMS devices4]1l
Micromirrors using VCDs have demonstrated fast soan
speed and low actuation power. Some research grayes
reported a 1-Dimensional VCD micromirrors with ajpti
scan angles of 25at 34 kHz [1] and 40at 5.8 kHz [2],
while other group has reported a 2D VCD micromirttoat
can scan optical angles greater thari tbbothx andy
directions [3]. Vertical displacement of 7.5 um §id even
as high as 55 pm [5] have been achieved througluse
of electrostatic VCDs. Angled VCDs have been regmbrt
that scanned optical angles greater th@hat 18 Vdc [6],
and 3° at 100 Vdc [7]. The driving voltage required by
these devices ranges from as low as 10V [5] toigis &s
250 V [1].

Existing VCD manufacturing processes are complitate
and expensive. Most MEMS VCDs are currently fatidgda
using non-CMOS compatible processing methods, ssch
multiple wafer bonding and SOI processing [1-5].isTh
paper presents a novel design methodology for the
fabrication of VCDs using foundry-CMOS compatible

processes. This mask-less CMOS-compatible procass h
the potential to make VCD enabled devices and devic
arrays less expensive through batch fabrication.

2 DEVICE DESIGN

Figure 1 shows a 3D model of the designed deviea T
sets of complementarily-oriented bimorphs elevate t
stator electrodes above the corresponding rotatreldes
that are anchored to substrate through a pair ofpdant
torsional springs [8]. The inset in Fig. 1 showstpd the
VCDs formed by the stators and rotors. The unigqserud
this structure also includes the integration ofypiticon
heaters in the bimorph beams, as shown in Fig. \2.
passing current in these polysilicon heaters, timeokph
beams, which consist of Sj@nd aluminum thin films, can
be electrothermally driven to tune the elevatiomghie of
the stator comb fingers for maximum electrostatic
actuation.

To allow rotational motion of the mirror plate, the
bimorph sets elevating the stator electrodes asiguaed
stiffer than the torsional mechanical springs cating the
mirror plate to the silicon substrate. A resonartjfiency
ratio of over 4 was chosen between the bimorph kseamd
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Figure 1. 3D model of the device with inset showiing
VCD formed by elevated stator comb fingers ancbstat
comb fingers on mirror plate.
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Figure 2. Bimorphs with embedded polysilicon aabusit

torsional springs to ensure stable operation ofithéce.
Major parameters of the device are shown in Table 1
Table 1: Major parameters of the device.

Parameter Definition | Value
Mirror Length Im 0.4 mm
Mirror Width Wi 0.4 mm
SCS Thickness t 60 um
VCD Finger Gap g 2pum
VCD Finger Width Wi 6 um
VCD Finger Length I¢ 100um
Number of Fingers Ng 25
Length of bimorph beam Iy 150pum
Width of bimorph beam w 9um
Width of connecting beam Wy 50 um
Thickness of beam t 1.8um
Number of bimorph beamis N 24
in LVD

The two sets of bimorph beams are used as a large-

vertical-displacement (LVD) microactuator [9]. Theye
complementarily oriented in a folded rigid beamtsticat
the curling of the two sets of bimorph beams corsptas
each other. This unique configuration results irpwe
vertical elevation of the attached comb fingers eotice
comb drives are released from the substrate, awrsio
Fig. 2. The elevationH of the stator comb finger can be
determined as

H =(L, -W,)sing 1)
where,W, is the width of the rigid beam connecting the two
bimorph sets, and is the tilt angle of the amplifier beam.

The vertical bending and the resultant torsioniéfinstss of
the LVD bimorph beams can be calculated from [6] by

_Ewt
kZ_LVD - NTS (2)
Kot = Kol +2)° @

The required torsional stiffness of the spring aiimg
the mirror plate to the substrate can be calculasiug

W
kal—;w; @)

whereM is mass of the mirror plate. For the device, the
torsional spring constant is calculated tokjes 1.2 x 10
Nm/rad for the desired resonance frequency of 1. KHe
required length of the standard torsion bar can be
determined using Eq. 5 [7]. In order to reducelémgth of

the spring, folded serpentine spring is used.

2o, 192w ) (5)
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/R (2wS
where G is the shear modulug; andws are the thickness
and width of the spring, respectively.

When a voltage is applied between the rotor antbrsta
comb fingers, the movable rotor fingers rotate abibe
torsion axis until the restoring torque generatsd the
spring balances the electrostatic torque. The relstettic
torque is given by

& 0A

Tyep = Nfgoﬁvz (6)

The term corresponds to the increase in fingerlaper
area with changing angular rotation is shown in Bigind
is given by

O_A‘:l{[h +|_mj2_(1'|m]2} @)
08 2 2 2

Balancing the electrostatic torque equation witle th
restoring torque equation of the spring, we get

N, & 2
o(V)=7— °v2{|2—('ﬂ” (8)
2k,9 2
The maximum rotation angle of the micromirror can b
expressed by [7]
9. = t| =12 9)
[+
2
The corresponding rotation angle

versus the applied

Figure 3. Cross-section of VCD for mirror rotation
analysis.
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Figure 4. Mirror voltage versus applied dc voltage.

voltage plot as obtained using Eqg. (8) is showhin 4.
From Fig. 4, it is predicted that the mirror roste2° at
26V. In order to generate vertical motion, the twdéssef
electrostatic comb drives (on either end of theraniplate)
should be excited simultaneously. When the samagelis
simultaneously supplied to both VCD sets, the lovetor
fingers displace vertically upward due to the \ceadti
electrostatic force as shown in Fig. 5.
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Figure 5. VCD analysis for mirror piston motion

This electrostatic force, generated by one paithef
VCD fingers is given by

:idj&wz

whereg, is the dielectric constant of air between the comb
drive, andV is the voltage applied to the comb drive. A
factor of Ny should be applied to this electrostatic force
since there are a total ofN2 pairs of comb fingers that
contribute towards the vertical actuation.

Fig. 6 shows the relation between the capacitaacd,
electrostatic force between the rotor and statorerwh
applied a dc voltage from 0.001 V to 32 V.

(10)

3 FABRICATION PROCESS

AMI 0.5um technology with three metal layers was used
for the LVD mirror design and fabrication. Becawd¢he
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Figure 6. Simulation results of change of the VCD
capacitance, electrostatic force versus appliethgel

difference in the width of LVD bimorph and VCD fiag
these two structures cannot be released at the Saree
Two release steps were designed and performedrotfe
bimorphs and VCD fingers separately. When bimorgites
etched and undercut, top metal layer M3 was usethes
mask to protect other structures. The device fakidno
process flow is illustrated in Fig. 7. It is a miess post-
CMOS micromachining process in which top metal taye
were used as etching mask in the dry etch proc¢s8es
The post-CMOS process starts with the backside

etching to define the mirror plate thickness of BOY(Fig.
7(a)). Then anisotropic Si&tching is performed to expose
the regions for bimorph beams (Fig. 7(b)). A uniguet
aluminum (Al) etching is followed to remove the tép
layer M3 (Fig. 7(c)). Next, a deep silicon etchidated by
an isotropic silicon etch is performed to undetbet silicon
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Figure 7. Microfabrication process flo



underneath the bimorph beams and mirror springg. (Fi in the bimorphs. This mirror can provide bi-direcial

7(d)). This step also electrically isolates the bofimgers scanning angles of +32t less than 30 V dc.
on mirror plates and LVD plate from silicon substra Maskless post-CMOS process was employed in the
Next, the second anisotropic Siétch defines VCD comb device fabrication. Since this mask-less fabrigafioocess
fingers (Fig. 7(e)). Finally, a deep silicon etshperformed is foundry-CMOS compatible, it has the potentiab&ocost
again to etch through the comb fingers (Fig. 7(f)). effective over other existing complex processed tra
currently used in fabricating VCDs. The bi-directdd
4 FABRICATIONRESULTS rotational scanning and vertical piston motion stag

capabilities of this device make it useful in theas of
Fig. 8 shows the SEM image of the fabricated device optical coherence tomography (OCT), adaptive opdiod
After the release process, the stators of the LViDboth interferometry systems.
sides were elevated above the substrate with adrdal
surface, validating the effective compensation haf two
bimorph sets. Due to the larger tensile stresshin $iGQ

layer in the bimorphs beams, the elevation of VCBsw ACKNOWLEDGEMENTS
measured as approximately 0@ from the substrate. The
resistance of the functional polysilicon heater weesasured The device microfabrication was performed at the

as 2.3 K. Because of the fabrication variations caused by Michigan Nanofabrication Facility (MNF), one of &t in
the timing-controlled etch, the single crystal cgilh under the NSF supported NNIN network. The authors wousd a
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the abrupt release in the plasma etching chamberevh ~ SEM imaging of the device.

high vacuum was present, the mirror plate brokehat

connections to torsional springs. The bimorph dotua

remained functional. A new microfabrication procass

under development to avoid the sudden release ef th

device in high vacuum chamber that causes thetstaic REFERENCES
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