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Abstract : A novel into-plane rotating micromirror actuated by a hybrid electrostatic driving structure is presented.
The hybrid driving structure is made up of a planar plate drive and a vertical comb drive. The device isfabricated in

SOI substrate by using a bulk-and-surface mixed silicon micromachining process. As demonstrated by experiment ,the
novel driving structure can actuate the mirror to achieve large range continuous rotation as well as spontaneous 90°
rotation induced by the pull-in effect. The continuous rotating range of the micromirror isincreased to about 46° at an
increased yielding voltage. The measured yielding voltages of the mirrors with torsional springsof 1 and 0. 34 min
thickness are 390 410V and 140 160V ,respectively. The optical insertion loss has also been measured to be

- 1 98dB when the mirror serves as an optical switch.
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1 Introduction

MEMS (micro-electromechanical systems) isa
key technology for many kinds of new actuators
such as micromirrors. Actuated micromirrors can
provide optical switching*? , scanning, project-
ing® , modulating'® , and attenuating'® functions
by steering reflected light in an analog or digital
control fashion for wide-ranging various applica
tions such as fiber networking, sensng,imaging,
data collection ,and optical adaptation. As a result
M EM S based micromirrors especially in an array
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format have received much attention over the past
few years.

Most of the torsonal micromirrors reported to
date employed electrostatic drives to achieve rota
tion into,or out of ,the wafer plane. The electro-
static drives exhibit several major advantagesinclu-
ding low power consumption, smple structures,
and are hence easy to fabricate!®”!. The previously
reported electrostatic drivesfor torsonal micromir-
rorsinclude planar plate drives (PPDs) and vertical
comb drives (VCDs)!® . The PPDs condst of two
planar plates and have been used to achieve 90° rotar
tion™ ™ based on the pull-in &fect™ . The pull-in
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efect ,however limits the continuous rotating range of
the mirrors. And the largest continuous rotating range
2 far demonstrated is within 30° by both theoretical
modeling and experimentation™** .

The VCDs,on the other hand,consist of two
sets of comb fingers,and one is movable and the
other isfixed. The movable and fixed comb fingers
are uneven and interdigitated. The VCDs can offer
the mirrors a continuous and stable rotation over
the entire operating range due to the lack of pull-in
effect. They a0 generate a higher force densty ,lead
ing to large deflections of the mirrors at low volta
ges™. However ,the VCDs can not make 90° rotation.

This article reports on a hybrid electrostatic
drive that integrates a PPD and VCD in the same
structure for actuating torsonal micromirrors. In
the current structure,the VCD section is used to
create large range continuous rotation ,and the PPD
section is used to create spontaneous 90° rotation
induced by the pull-in effect. As demonstrated by
experiment ,the fabricated devices can achieve con-
tinuous rotation up to about 46°. However ,acconr
panying the increase in the continuous rotating
range ,the yielding voltage™ ™ increases.

2 Design and fabrication

2.1 Sructure

Figure 1 is the threedimensiona (3D) sche
matic structure of the present micromirror actuated
by a hybrid electrostatic driving structure. The mi-
cromirror with comb fingersis suspended by an e
lastic torsonal spring across a rectangular through-
cavity. The mirror can rotate with the torsional
spring as the pivot.

The hybrid driving structure includes a PPD
and VCD. The PPD conssts of the mirror and a
sidewall. The torsonal spring is paralel with and
very near to the sdewall. In the mirror-sdewall
drive (MSD) ,the sdewall is used to attract the
mirror electrically ,and to stop its rotating move-
ment as it has rotated by 90°. The VCD cons sts of

Movable comb finger

Fixed comb fingers

Torsion;l
springs

Through-cavity

Substrate

Movable comb drive

(a)

Mirror-sidewall drive

Vertical comb finger

(b)

Fig.1 3D schematic structure of the torsiona mi-
cromirror actuated by a hybrid electrostatic driving
structure (a) Front side view of the mirror with a ro-
tation angle; (b) Backsde view of the mirror with a ro-

tation angle

a set of movable comb fingers and a set of fixed
comb fingers. The movable comb fingers are loca
ted symmetrically on both sdes of the mirror ,and
will move together with the mirror. Thefixed comb
fingers are located on the other sdewall parallel
with the torsonal spring ,formed by usng the same
etching steps for produdng the cavity itsdf. The two
stsof combfingers becomeinterd gitated asthe movar
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ble comb fingers rotate with the mirror.

In the hybrid driving structure ,the VCD performs
the function of increasng the threshold deflection,in
other word incread ng the continuous rotating range of
the mirror. The M plays the role of inducing the
pull-in &fect ,thus the gpontaneous 90° rotation at a
larger threshold deflection.

2.2 FRabrication

A set of bulk-and-surface mixed dlicon mi-
cromachining process has been developed to fabri-
cate the present device in SOl substrate. Figure 2
schematically depicts the sequence of the main
steps of the fabrication process. With an SO: film
deposited and then patterned as a mask ,the mi-
cromirror with movable comb fingers was produced
in the sngle crystal slicon device layer by usng
KOH wet etch and then inductively-coupled-plas
ma (ICP) dry etch. After another SO: film had
been depodted as protection layer for the mirror
surface, a compositemask composed of an inner
S0: and an outer sputtered Al layer was produced
on the backside of the SOI substrate. The dlicon
handle layer was milled anisotropically from the
back by using ICP etch to partialy form the cavi-
ty ,the fixed comb fingers on one sdewall of the
cavity ,and thefiber grooves. A sandwich layer con-
ssting of SO2/ S3N4/ SOz was deposited ,and then

e

removed from the device and electrode regions on
the SOI substrate. Sputtering and then patterning
Au/ Cr on the top surface was followed to produce
electrodes ,and to further improve optical reflectivi-
ty of the mirror as well as electric conductivity. A
portion of the SO2/ S3N4/ SO2 sandwich layer on
the backside was etched in an ani sotropical reactive
ion etching (RIE) step,leaving the other part on
the sdewalls of the cavity ,the fixed comb fingers,
and the grooves unaffected. Then,the cavity and
fixed comb finger structure were etched from the
back with ICP till the SO, box of the SOI sub-
strate interrupts the etching. At the same time ,the
handle layer in the groove regions was al so further
etched. Finally ,the SO: box also served as a sacri-
ficial layer was removed to release the micromirror
with movable comb fingers ater the silicon handle
layer had been isotropically etched dightly more
from the back. The mirror with comb fingers be-
came fully susgpended by the elastic torsonal spring
over the throughrcavity. In fact, during the last
structure-releasng step ,the outsde SO: sublayer
in the SO:/ 93N/ SOz sandwich layer on the sde-
walls of the cavity ,the fixed comb fingers,and the
grooves was a so removed. However ,its SsN. and
insgde SO: sublayers were maintained to serve as
an insulating film ,e. g. ,between the mirror having
rotated by 90° and the stopper sidewall.
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Fig.2 Schematic sequence of the main steps of the bulk-and-surface mixed slicon micromachining process

for fabricating the present devicein SOl substrate
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In order to decrease actuation voltage,the e
lastic torsonal springs were fabricated thinner than
the micromirrors. The thicknesses of the mirrors
are 5 and 21 m depending on the SOI substrates
used ,with the corresponding thicknesses of the e
lastic tordgonal gprings being 1 and 0. %1 m ,respec-
tively. By usng well-controlled ICP etch,38Q nr
deep through-cavities and fixed comb fingers with a
depth up to 18Q m were obtained ,with their sde
walls being perpendicular to the SOI substrate
plane. Figure 3illustrates the scanning electron mi-
croscope (SEM) image of one of the manufactured
micromirrors. Figure 4 shows the backsde SEM
view of part of a through-cavity with fiber
grooves. A s can be seen ,a set of fixed comb fingers
and a fiber holding structure are located on one
sidewall of the cavity and on one sdewall of a
groove ,respectively.

Fg. 3
cromirror

SEM image of one fabricated torsona mi-

Fig.4 Backsde SEM view of part of a through-cavity
with fiber grooves There are a set of fixed comb fin-
gersformed on one sdewall of the cavity ,and a fiber
holding structure formed on one sdewall of a groove.

3 Experimental characterization

When a DC biasis applied between one of the
torsona micromirrors and the handle layer of SOI
substrate ,the mirror is driven electrically and ro-
tatesinto its through-cavity. The DC bias depend-
ence of the rotation angle® of the mirrors was ob-
served in an atmospheric pressure with a laser re-
flecting system. Figure 5 depicts the measuredB- bi-
as curves of two fabricated mirrors,which are a
3 mrthick mirror with M mrthick torsonal spring,
and a 2/ mrthick mirror with O 31 mrthick torsional
spring. In the hybrid electrostatic driving struc
tures of the two mirrors,the MSDs are the same,
whereas the V CDs have minor diff erences.

100
80 |- —a— £, =5pme=lpm
£ F —o= {,=2um,t=0.5pm
L
EY 60 I
o -
g
= 40
3 L
3 3
20
L
0 L e | T— '} il L T
0 100 200 300 400
Applied DC bias/V
FHg.5 Experimenta characteristic of mirror rotation
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We define acritical rotation angleBo as:when6
<80 and® >0, ,the actuating directions of the M SD
and VCD are parallel and opposte to each other ,
respectively. The 8o is dependent mainly on the
length of movable comb fingers and the thickness
of fixed comb fingers in the VCD"™ . Except the
thickness of the movable comb fingers,all other
structural parameters are the same in the VCDs of
the two micromirrors. Therefore ,they have almost
the sameBo. TheBo of the two mirrorsisfound a
round 26° in Fig.5. TheB increases toB, under the
bias of approximately 70V for the %1 m-thick mir-
ror with 1 m-thick torsional spring,and approxi-
mately 60V for the 20 mthick mirror with 0. 34 nr
thick torsional spring,respectively. When® begins
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to be larger thanB, ,the increase of © with the bias
increasng becomes relatively dow.

When the applied DC bias is increased to the
value dightly higher than the electrostatic yiel ding
voltages ,the pull-in effect takes place,and subse-
guently ,the mirrors rotate to 90° spontaneoudy till
they touch the stopper sidewalls within the cavi-
ties™* asindicated in Fig. 5. The measurement
results of the yielding voltages for the 3 nrthick
mirror with 1 m-thick torsonal sring and the
2 mrthick mirror with 0O % mrthick torsona
spring are 390 410V and 140 160V ,respective-
ly ,depending on the measured samples. As a conr
parison,the typical electrostatic yielding voltages
of conventional micromirrors actuated only by
MSDs are found to be 270 290V for M mrthick
torsonal springs™ and 100 150V for O 44 nr
thick torsonal springs™’ respectively.

The measurement values of the threshold de-
flections are about 46°. The threshold deflection of
the 3 mrthick mirror with M mrthick torsional
spring is not specifically equal to that of the 24 nr
thick mirror with 0. 34 mrthick torsonal spring ,but
the difference between them is minimal. As a com-
parison, the typical threshold deflections of the
conventional torsonal micromirrorsarefound to be
approximately 30°'" !, Therefore,compared with
the conventional mirrors,the continuous rotating
range of the present one is increased from 30° to
46°.

Figure 5 manifests that the hybrid electrostat-
ic driving structure can actuate the mirror to a
chieve not only large-range continuous rotation but
a0 spontaneous 90° rotation induced by the pull-
in effect ,which will in turn be very useful when
both functions are necessary for certain applica
tions. However , there exists a trade-off between
the continuous rotating range and the yiel ding volt-
age. Accompanying the increase in the continuous
rotating range ,the yielding voltage increases.

The insertion loss in the optical coupling sys
tem cond sting of the mirror ,input and output fiber
ends ,where the torsonal micromirror is used as an

optical switch, has also been investigated through
experimentation. The switch is in ON-state when
the mirror has rotated by 90°. The schematic meas-
urement systemis shownin Fig.6. Standard sngle
mode fibers with special rod lenses were used as
the input and output fibers to reduce the light dif-
fraction from input fiber end,and smultaneoudy
enhance the light collection into the output fiber
end. The incident light beam from the input fiber ,
which exhibits a central wavelength of 1550nm and
small diffraction ,isintroduced to the mirror having
rotated by 90° through the free space in a fiber
groove illustrated in Fig. 4. Reflected by the mirror ,
the beam transmits out through the free gace in an-
other fiber groove and is collected then by the output
fiber. The obtained insertion lossis - 1 98dB. In addi-
tion ,the reflectivity of the micromirror was d 9 meas
uredto be 92 3% 95 5%.
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Fig.6 Schematic experimental system for measuring

the optical insertion loss when the mirrors serve as
optical switches

4 Conclusion

In summary ,a novel into-plane rotating mi-
cromirror actuated by a hybrid electrostatic driving
structure has been demonstrated. The deviceisfab-
ricated in SOI substrate based on bulk-and- surface
mixed dlicon micromachining. Measurements indi-
cate that not only large-range continuous rotation
but also spontaneous 90° rotation induced by the
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pull-in efect can be achieved for the mirror ,and
the continuous rotating range is increased to ap-

[7]
proximately 46°. However ,as a trade-off of thein
crease in the continuous rotating range ,the yiel ding
. . . 8
voltage increases. Experimental observation also (8]
demonstrates that the optical insertion loss can
reach approximately - 1 98dB when the mirror is [91]
used as an optical switch. (10]
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