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Abdract : Novel 2 x 2 tordon-mirror optica smtch arrays are fabricated by usng the mixed micromachining based on the surface
and buk slicon microdectronics,then are invegigated eectromechanicaly in goplied direct and dternating eectric fiedds. When
the thickness of the eadic tordon beams sugpending the d uminum coated polyslicon micremirrors o the saitchesin the arraysis
about 1 m ,the dectrodatic yieding wltagesfor driving the mirrors to achieve their ON date are in the range of 270 290V ,and

the mnimum hol ding voltagesfor mirrors ON- gate are found as 55V or 9. Theoreticd andyd s manifegs that the yidding wltage is
nore sendtive to beam thickness than other dedgn parameters do about the tordormirror saitch sructures. The lifetime can reach

10P times. The edimated shortest switching time of the switches at least lagtsfor less than 2ms. The force anaysison the two kinds
o new fiber sdif-holding gructures integrated morolithicaly in the chip of the optical switch arrays indicates that the gructures can

feature sdf-fixing and saf-digning of optica fibers.
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1 Introduction

A surging interes in the use of Slicon-based micro-
eectromechanica sysems (MBMS) for a variety of optica
networking goplication was found in the coming rgpid and
widespread deployment of optical networks. Good perfor-
mance ,low cog and miniaturized MBMSoptica snitch ar-
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raysin different scales ,which can achieve arall insertion
loss,low cross tdk ,large smitching contras ,and wave
length and polarizatiorrinsenstivities™ | are ging to be
the key oondderations in the optical cross connectors
(OXCs) and optica add/ drop multiplexers (OADMS) for
optica networking that is the only way to fill the acute
need for broadband communication? , which has been
brought about by the explogon of the Internet ,and thus
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have been becoming increasndy important and will have
potential huge market. In the congderable variety® "1 of
MBEMS optica snitches that have emerged congantly up to
the present ,those with torson-mirror gructures which can
adwoid the mechanicd fatigue problems resulting from the
micro-friction!® mechanism therefore ,improve the reliar
hility (e. g.operating lifetimes) ,are very promisng in op-
ticd networking applications. Furthernore, integrating
fiber holding structurest® which can feature seif-aligning
aswell as sf-fixing of opticd fibers ,together with optica
snitch gructures in a norolithic chip is d pursued to
achieve extra preci s podtioning of the fiberswithout comr
plicated manud work and ,thus,easy control of the tota
relevant production cog .

The fabrication and eectromechanical characteridics
o anewtyped 2 x2optica switch arrayswith morolithr
icdly integrated fiber saf-holding sructures are reported.
The conponents were fabricated in regular dlicon wefers
using the mixed micromachining based on the surface and
bulk dlicon microdectronics. In order to get long lifetime
o the snitches in the arrays, torson-mirror gdructures,
which are micro-mirrors sugpended by eadic torson
beams were designed as the novable parts of them © that
the mechanica fatigue problems resulting from the micro-
friction mechanism can be awided. Each switch regulates
light beam in afree Pace udng its ectricaly driven tor-
gon mirror. Two kinds of new fiber salf-holding sructures
were produced norolithically in the chip of the optical
snitch arrays by usng the same etching seps for forming
the relevart fiber grooves. The force analydson the druc
tures indicates that they can feature sdf-fixing and sgf-
digning of the optical fibers.

2 Sructures and fabrication

Fgure 1 depicts the schemetic diagram of the 2 x 2
tordorrmirror optical switch array , the through cavities
produced in a p* (100) dlicon subgrate of 40Q m in
thickness were arranged in a 2 x 2 metrix. A fiber groove
net was formed in a square pattern on the backsde of the

subgrate. One sdewdl of each through cavity in the ar-
rays was desgned to locate exactly a the crossng of two
grooves perpendicular to each other by a 45 inclination,
meanwhile produced perpendicular Srictly to the subgrate

FHg.1 Shematic dructure of the 2 X 2 torgor-mirror opti-
cd snitch array

suface by usng inductively coupled plasma (ICP) which
performs the functions of gopping the tilting movement of
the micro-mirror and postioning the mirror having been
ON-date. Incident and redirected lights propagete into
and out of the cavities through the optica fibers nounted
in the grooves or through the free gpace in the grooves. In
the front of the subdrate ,the micro-mirrors in the dze of
34% m x 600 m ,which were made of a polyslicon film
with duminum uttered on its surface to inprove eectric
conductivity aswell asopticd reflectivity were sugpended
by elagic tordon beams across each through cavity to
conmpose the optica crossbar snitches. When a large e
nough bias was gpplied between one micro-mirror and the
subdrate, the mirror was attracted dectrically and tilted
(with its tordon beam asthe axis) inward its through cawv
ity by 90° precigly till it touches the sopper sdewal of
the cavity. Under this condition ,the mirror was postioned
exactly at one o the crosingsd the fiber grooves by a 45°
inclination. Therefore ,the light out of one input fiber will
be reflected jud right to one output fiber by the mirror ,
which indicates that the diverdon from one light path to
amther was carried out. The OFF gate micro-mirrors were
kept dnog horizontaly if no biaswas goplied and thereby
did not interfere the light beams if adequate marg ns were
gven in the desgn. Snce the light beams can cross in a
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free gpace without interfering with one arother ,the optica
snitch arrays can be produced conpactly. Figure 2 (a)
and (b) are the scanning dectron microgrgph (SBEM)
photographs of one of the switch arrays and one tordon
mirror snitch gructure in the arrays ,repectively. Actua-
ly ,the snitch array oorfiguration presented above can
make the Sze of array extended to N x N(N >2) eadly
without changing the sructure desgn a lot.

Fig.2 SBM photographs of (a) one of the optical switch
arrays and (b) one torson-mirror optica saitch sructure

Fgure 3 demondrates the sequence of the main fab-
rication process which begins with: (1) the low pressure
chemica vapor deposdtion (LPCVD) o a phogphorus sli-
oon dass (PSG film as an insulating and sacrificia lay-
er ,folloved by the LPCVD of a M mrthick inplanted
polyslicon and another 0. 21 mrthick PSGfilm as the pro-
tection layer of the polyslicon surface. (2) On the back-
sde o the subdrate ,the cavity and the groove mask comr
posed of the indde PSG and an auminum layer gouttered
on the PSGwere made dter the outsde 0. 21 nrthick PSG
and then the 1 m-thick polysdlicon were removed. By us
ing ICP,the dlicon subdrate was etched aniotropically
from the backsde to form the cavities and fiber grooves
partidly. (3) After the sandwich layer conposed of 9O,/
93N4/ 9O, was deposted by LPCVD ,it was renoved to-
taly from the front dde of the subdrate. The Puttering
and patterning auminum on the top surface ,which was
used to produce dectrodes as well as to make the du
minum as a reflective and conductive layer ,was followed
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Fg.3 Shematic sequence of the main fabricetion pro-
cessfor the tordon-mirror opticd snitches

by patterning and then ICP-etching polyslicon. (4) The
90,/ 93N4/ SO, sandwich layer on the backsde was
etched but the part on the sdewdls of the cavities and
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grooves remained in the anisotropica reactive ion etching
(RIE) gep. Then the cavitieswere etched from the back-
sde usng ICPtill the PSG sxcrificia layer interrupted the
etching. At the same time ,the subdrate in the groove re-
gonswas d o etched nore. (5) Fndly ,the PSG sacrifi-
cid layer was renoved to release the micro-mirrors fully
sugpended by the eadic torson-beams over the through
cavities dter the dlicon subgrate was i tropicaly etched
a little nore from the backsde. Actudly ,during the lag
iotropica RIE,the outdde SO, sublayer in the S0,/
93N/ SO, sandwich layer on the sdewalsd the cavities
and grooves was etched but its S3N4 and indde SO, sub-
layers were remained ,which was enployed as an insula
tion film,e. g. , between each ON-gae mirror and the
dopper ddewdl of its cavity.

Two kinds of new fiber sdf-holding structures were
formed in the Sdewalls of the fiber podtioning grooves by
usng the same etching geps for producing the grooves
themsdves,which manifested that the holding sructures
were integrated norolithicaly with the tordgon-mirror
snitch gructures in the array chip actualy. Figure 4 (a)
and (b) show the schematic diagram of one of the fiber
sif-holding dructures and a close SEM view of one can
tilever beam in the dructure ,repectively. The shegpes of
the two kinds of seif-holding sructures were bi- cantilever
beams and two oppodte bi-carntilever beams ,regectively.
Each cantilever beam has a“ boss dructure” |, namdy
clamp paw ,a itsfree end. The 93N and indde SO, sub-
layers of the 90,/ 93N4/ 9O, sandwich layers d o remain
on dl dde surfacesdf the cantilever beams. Force andys' s
on the fiber sf-holding gructures indicated that the new
with bi-cantilever beams or two opposte bi-cantilever
beams is nore gable than the old with snde cartilever
beam!®! because the former is a symmetrica sructure
and ,thus ,the resultant force put in the longituding direc-
tion of thefibers equd s to zero. Additionally ,the clanping
force of the new fiber sdif-holding gtructures can be ad-
justed acoording to the actual Stuations™® o that the axes
o the fibers mounted in the grooves can be kept in line
even though the groove width changes somewhat dong the

longitudind direction of the fibers ,which will bendfit the
sf-aigning o the fibers. The dructures not only can
clamp the fibers but a can push them to the oppodte
ddesor inthe centra linesdf the grooves © that the opti-
cal fibers can be nounted to the right posdtions eadly. In
generd the new sif-holding gructures facilitate subgtan-
tidly the fiber sf-fixing and, mearwhile , sdif-digning
functions which inplicates that a lot of extra manua ma
nipulaion is not necessary for assambling optical fibers
precisely on the tordon-mirror optica snitch arrays and
the lowoog batch production of the conponents can be
achieved.

A

(b}

Fg.4 (a) Shematic diagram of one of the fiber
sdf-holding gructures and (b) SEM o one cartilever
beam in the gructure

3 Characterization

The dectromechanical characterigics of the torsornr
mirror optica snitcheswere invegigated under goplied DC
bias ,AC biasor the kind of biasin the mixed form of Ag
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+ Ardn (wt) ,where Ag is the wltage vdue of the DC
part ,A; (A1 >0) and W present the anplitude and fre-
quency of the AC part , regectively ,in an anmogpheric
pressure with a reflected laser- beam experimenta sysem.
Fgure 5 ,the DC hias wltage dependence of the tilting an-
de o the micro-mirrors with the tordon-beams of about
1 m thickness ,shows that there certainly exig dectrogat-
ic yielding woltages!®! of the torson-mirror optical switchr
es ,under which the mirrors are driven to tilt from their
OFFgate inward their through cavities gpontaneoudy till
they touch the stopper sdewdls of the cavities to achieve
their ON-gate. In FHg. 5,the 2lid line with symhols of
open dianond presents the measured resultswhile the dis
persed data points shown by open circle are the reaults of
dmulation by usng the Intdlisuit Smulator. In the Imu-
lation, the dedgned tordon-mirror saitch gructure was
used. As shown in Hg. 5,the results of smulation agree
very well with the ocorregponding experimental measure-
ments. The typica eectrogatic yidding wltages of the
tordon-mirror optical snitches are found in the range of
270 290V ,depending on the measured sanples.

100 On s

=0=— Measurement
o Simulation

150 200 250 300
ViV

1
0 50 100

Fg.5 Bperimentd characteridic of mirror tilting ange
versus gpplied DC hias

Bven under applied DC hias ,the theoretica andyd's
on the dectromechanica characteridicsdf the torson-mir-
ror snitch gructures, which is different from a typica
electrogatic actuator composed of two parald plates,is
badcaly conplicated because the profile of eectrodatic
fidld changes as the tilting ange of the micro-mirrors. In
order to snplify the andyd's ,three assunptions were st :

(1) Except with the sopper Sdewal ,a micro-mirror will
have o dectrogatic-field interaction with the other Sde-
wall of its through-cavity ; (2) The digtribution of the elec-
trodatic field between a micro-mirror and the gopper Sde-
wal of its through cavity is uniform along the axis paralld
to the torson beam ,and thus the micro-mirror can be conr
ddered as a part of an irfinite belt ; (3) The shgpe of the
field is represented by the arc whose pivot is a the tordon
beam. Taking the width W and length L of the micro-mir-
ror ;the width w ,length | and thickness t of the torson
beam; and the digance 1o between the mirror and the
beam as dedgn parameters,we obtained the eguation,
which can be used to edimete the value of the yidding
voltage of the torson-mirror optical switches theoreticaly ,
asfollows:

Vi, = | e ant®
grelif 2] ]

(1
where G represents the Young' s nodulus of polyslicon,
€,=8.85%10" 2F misa dielectric congant of the vac-
uum £ ; represents the relative didectric congant of the
ar, Ts represeats the thickness of the subdrate ,and wy
and dg represent the width and depth of the fiber grooves,
regectively. How the exigence of the fiber grooves dfects
the prdfile of the dectrodatic field between a micro-mirror
and the dopper sdewal o its through cavity is taken into
acoount in Eg. (1) to a certain extent because producing
the fiber grooves decreased the dfective area of the sop-
per sdewdl of athrough cavity. For the torson-mirror op-
tica swmitches the theoretical vaue of the yieding woltage
gven by Eg. (1) equds 220.80V. The discrepancy be
tween the caculated result and the experimental result
denongrated in FHg. 5 is mainly due to the negect of the
concentration of the eectric fidld on the mirror edges ,the
negect o the dectrogatic fied interaction between the
micro-mirror and each other sdewall (except the Sopper
ddewal) o its throughrcavity and the value of the
Young' s nodulus which is selected to use ,in the cacular
tion. The Eq. (1) d® indicates that the yieding woltage
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is mog sendtive to the beam thickness anong the five pa
rameters about the dimendons of the micro-mirror and the
tordon beam. The variation of only +0. U min the beam
thickness gves a large change of yielding wltage by +
30V or  acoording to Eq. (1) . Therefore ,the measured
digribution of the yieding woltage can be explained by the
thickness variation of the L PCVD deposited polyslioon for
producing the micro-mirrors and the elagic torson beams.
It is nore inportant to fabricate thinner beams if the
yielding woltage of the tordon-mirror optical switches is
expected to be much lower. Actudly ,the thickness control
o the LPCVD depodted polydlicon is good because the
measured digribution of the yieding voltage is only about
30V.

The minimum holding woltage thet is necessary and
adequate to keep the micro-mirrorsto be in their ON-date
wasfound 55V or 9 ,much lower than the yielding volt-
ages which reduced the chance of a didectric breakdown
eventually. Gombined with the smulation on the vibration
characterigtics of the torson-mirror optical snitches usng
the ANSYS amulator ,the typica intrindc frequency of the
firg-node vibration ,0o ,dof the torsgon mirrors was found
about 524Hz. It can be edimated that the shortest switchr
ing time of the tordon-mirror optical snitches will would
be less than 2ms.

The dternating electric field induced by the gpplied
biasin the mixed form of Ao + A;dn(wt) with a proper
dgven W aswel asthe vaue dof | Ag| + Az larger than the
eectrogatic yielding wltages of the torson-mirror optica
snitches can a9 drive the micro-mirrors from their OFF
date to the ON-date. Under this condition ,the micro-mir-
rorswill be kept in their ON-date if the value of | Ag| -
A; is equa to or higher than the minimum holding volt-
ae. Othewise, the micro-mirrors will vibrate between
their OFF and ON dates in the adternating dectric fied.

The long term vibration of the micro-mirrors between
their OFF gate and ON-gate was observed in a proper al-
ternating electric field to tes the lifetime of the torson
beams. No mechanicd failure was found &ter vibrations
for a leag one hundred million cycles. Actudly ,the life-

time of the torson beams can be expected to be semi-per-
manent.

One o the disadvantages of the novel 2 x 2 torson-
mirror optical snitch arraysisthat the light beam traveling
paths in the free gpace within each array are reatively
long and that according to the ON or OFF dates of the
four switches in the array ,their lengths may be unavoid
ablly different. Therfore, ome oollimetion techrologes
should be used to reduce the light diffraction from the in-
put fiber ends and , multaneoudy ,to enhance the light
oollection into the output fiber ends in order to obtain
srdl ocouwpling loss. The light beam collimetion techrolo-
ges and the optical properties of the 2 x 2 torson-mirror
optical switch arrays are going to be reported in detail in
amther paper.

4 Conclusion

Novd 2 x 2 torsgon-mirror optical saitch arrays with
norolithicaly integrated fiber sdif-holding sructures were
fabricated ,and then characterized e ectromechanically urr
der goplied bias. The conponents demondrated good eec
tromechanical performances and provide an inmpetus to be-
ing usxd to deveop OXCs and OADMSs for optica net-
working.
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