Published in Sensors and Actuators A: Physical 114, issue 1, 80-87, 2004 1
which should be used for any reference to this work

Developmentbof 1 x 4 MEMS-basedptical switch

Z.F. Wang®*, W. Cao®1, X.C. Sharf*2, J.E XuP3, S.P Lim P4, W. Noell®>, N.F. de Ro0ij¢®

a Joining Technolagy Group, Singapoe Instituteof ManufacturingTechnology, 71-Nanyandrive, Singapoe 638075,Singapoe

b National University of Singapoe, Singapoe 638075 Singapoe

¢ Instituteof Microtecinolagy, University of Neudatel, Neudatel, Switzerland

Abstract

In thispaperanovel 1 x 4 opticalswitchhasbeendevelopedbasedntheDRIE verticalmirror technologyThreemicroactuatedertical
silicon mirrorsandfive tapered/lensefiberswereemployedto performthe 1 x 4 switchfunction. The combactuatordrive the mirrors
linearlyinto theopticalpathdueto theelectrostatidorce. Thetilted mirror with anangleof 22.5 madethelayoutof themirrorsandoptic
fibersmorecompactFinite elementmethod(FEM) modelingon thelinearcombactuatomwas implementedo verify the design.

Deepreactie ion etching(DRIE) processvas employedto fabricatethe mirrors,combsandU-grooves on a SOl wafer A satishctory
yield (upto 70%)wasachievzed duringthe microfabricationdueto the compactnessf the singlephotomaslprocessTheprototypeof the
opticalswitchwas packagedndsystematicall\}characterizeth termsof bondingpropertiesppticalperformancéncludinginsertionloss,

returnloss,crosstalk, andswitchtime.

Thedesignandmicrofabricationrhasbeendemonstratetb besuccessfullT hepackagingechniquecanbeutilizedin thesimilar cateyory
of optical MEMS devices.Theoptical performancef our switchexhibits the greatpromisein the applicationof opticalnetworks.
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1. Introduction

To meetthe growing demandfor high databandwidth,
serviceproviders are building optical networks aroundthe
globe using the wavelength-dvision multiplexing (WDM)
technologiesvith meshnetwork architectureLightpathsbe-
tween accesspoints in a network are createdusing fiber
links containingmary wavelengthchannelsin eachfiber,
whereeachchannelor port canhave a datarateof upto 2.5
or 10Gb/s[1]. The optical cross-connecf(OXC) switches
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in today’s network rely on electroniccores.As port-count
and data ratesincrease,it becomesincreasingly difficult
for the electronicswitch fabricsto meetfuture demands.
It is widely acknavledged that electronic switch fabrics
arethe bottleneckin tomorrav’s communicatiometworks.
This bottleneckhasstimulatedintensize researchn devel-
oping new all-optical switchingtechnologiego replacethe
electroniccores[2]. The recentdevelopmentof free-space
optical micro-electromechanicaystemgMEMS) technol-
ogy has enabledthe implementationsof OXC switching.
The superiorperformanceof OXC includesthe all-optical
mode,low insertionloss, low crosstalk, low polarization-
andwavelengthdependencehigher port-count,andthe in-
tegration of micro-opticsand micro-actuatorson the same
substrate.

To date,several typesof MEMS-basedoptical switches
that have beenreportedinclude 1 x 2 switches[3,4], 2 x 2
switches[4—6], 1 x 4 switches[7,8], N x N 2D or 3D
switches(N = 4, 8, 16, 32, ...) [9-11] The all-optical
1 x 4 switchis anessentialink insidethe optical add/drop
multiplexersaswell asin line systemdor network restora-
tion applicationg12]. This paperdiscusseshe design.fab-



Fig. 1. Top view of the Ix 4 switch scheme.
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Fig. 2. Design diagram of a comb unit.

tively. Without a voltage applied to any comb structure, the

rication, packaging, and characterizations done during the mirrors will be pulled back by an attached spring. The input

development of X 4 switch.

2. Design
2.1. Operation

The working principle of the X 4 switch is shown in
Fig. 1 Three microactuated vertical silicon mirrors;MV3,
and five tapered/lensed fibers, s, are employed to per-
form the 1x 4 switch function. When a working voltage

light is reflected to the fiberd= In order to reflect the input
light to the fiber k5, the mirror M is tilted with an angle of
22.5° as shown irFig. 1

2.2. Simulation

The three mirrors in this X 4 switch are driven by the
electrostatic forces of three identical comb units, respec-
tively. In order to analyze the actuation performance and
stress distribution, finite element method (FEM) modeling
on the linear comb actuator was performed using ANSYS

is applied to any one of the comb actuators the associatedv6.0. Quadrilateral elements were used for area meshing.

mirror, M1, M2, or M3, will be driven linearly into the opti-

Fig. 2shows the comb unit which consists of staked combs,

cal path due to the electrostatic force. Thus, the input light springs, and a beam connected with a mirfég. 3 shows

is reflected by the mirror to the fibeyFF,, or Fs, respec-

the deformation of the comb unit under a voltage of 60 V.
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Fig. 3. Deformation of the comb under a voltage.
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coupling efficiency. In order to release the mechanical parts,

Fig. 4. Displacement of the beam vs. the applied voltage. the buried oxide layer was then partially etched in a buffered
aqueous hydrofluoric acid solution. To increase the optical
reflectivity, the vertical mirrors were coated with gold using

The relationship between the displacement of the beam andthe electron-beam evaporation after the mechanical struc-
the voltage is depicted iRig. 4. This result indicates thata  tures had been released. During the electron-beam evapo-
moving range of 3Qum can be obtained under an acceptably ration, the devices were oriented appropriately for coating
low operating voltage of 83 V. The vector plot for princi- the vertical mirror surfaces. After dicing, the die size is
pal stresses for the comb actuator model indicates the stress.6 mm x 3.6 mm.
concentration as shown ifig. 5. It reveals that the princi- Prior to packaging, pre-characterizations were performed.
pal stress is mainly concentrated within the spring beams. Fig. 7a and bshow the SEM images of a comb actuator
The spring connection beam has a large deformation due toand the optical path comprising mirrors and grooves. The
the electrostatic forces. The Von Mises stresses are plottecheight and thickness of the micromirrors are 75 anduh
using the path plot. The value is about 0.5% of the mate- respectively. The surface roughness of micromirrors is one
rial failure stres$13], which indicates that the single crystal of the most important factors for reflectivity. It was measured
silicon can be used in this application. by AFM. A mirror was transferred and attached to a ceramic
substrate for scanningig. 8a and lshow an AFM image of
micromirror surface and its roughness analysis, respectively.
3. Fabrication As depicted inFig. 8k the average roughness in an area of
10pum x 10pm is 2.453 nm. This small roughness value is
A silicon-on-insulator (SOI) wafer was used to fabricate beneficial to insertion loss in cross stafég. 9 shows the
the optical switch. The thicknesses of top silicon layer and displacement of a mirror versus the voltage applied to the
buried oxide layer are 75 andu2n, respectively. The lateral  linked comb. As a reference, the simulation result in doted
schematic view of the switch structure is showifrig. 6. All line is also shown ifrig. 9. Over-etch can produce structures
the mechanical parts, including mirrors, fiber grooves, actu- that are too deep or feature widening if stop layers are used.
ators and suspended springs, were fabricated from the topThis could be one of the explanations for the difference
silicon layer using the deep reactive ion etching (DRIE) pro- between the results of simulation and actual test. Another
cess. This monolithic integration process is beneficial to the possible reason could be due to the modulus of elasticity
fiber alignment that considerably determines the light beam error between the simulation setting and the actual value.
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Fig. 5. Von Mises stress distribution on the spring of a comb actuator.
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Fig. 7. SEM images: (a) comb structure, and (b) optical path.
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Fig. 8. (a) AFM image of micromirror surface, and (b) roughness analysis.

4. Packaging

40F —e— Simulation result
——Testing result

4.1. Packaging scheme
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The purpose of packaging this fiber optic MEMS switch
is to connect and protect: establish the optical coupling and
optical paths by pigtailing the chip with fibers and connec-
tors, provide electrical connection for control, and protect
the structure from contamination, mechanical shock and hu-
midity.

(') 2'0 4'0 6'0 8'0 1(')0 150 1;‘0 0 F_lg. 10 ;hows the packaging _sc_:heme of the< 4 fiber
Voltage (V) optical SWItCh. prototype. After dicing the fgbrlcated wafer,
the MEMS chip was mounted on a customized ceramic sub-
Fig. 9. Displacement of a mirror vs. the voltage applied. strate on which the wire bonding pads had been deposited.
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Fig. 10. Packaging scheme of prototype.

The ceramic substrate, a ceramic frame, and a glass lid were

used to construct a subpackage indicatedrigpn 10 The

packaging ends up with the metal case pigtailed with five

optical fibers and FC/PC connectors, and a five-pin electri- cluding the case cover. Ultimately, the metal case, fiber, and

cal connector for plug-in. electrical connector were encapsulated to give a hermetic
seal.

Fig. 12. Prototype of a packagedxl4 optical switch.

4.2. Optical fiber assembly, alignment, and bonding

The eventual optical performance largely depends on not 5. Characterization results

onIy_the fabricated chip but a_LIso the tip_shape of the opti- The bonding properties and optical performances of the
cal fiber, assemply and bondlng.of the flber. Therefore, the packaged switch were characterized.
lensed/tapered fibers and adhesives from different manufac-
turers should be evaluated carefully. The key optical perfor- g 1. Bonding properties
mance parameters of our customized lensed fibers in terms
of working distance, mode field diameter, and coupling ef- A bare fiber was bonded in an U-groove using epoxy for
ficiency are 300 and @m, and 85%, respectively. Fiber as- a retention test. In order to determine the bonding strength
sembly and bonding in the silicon groove is another critical of a fiber in a U-groove, a pull test was carried out. The
issue for the packaging. The precisely designed and fabri-force was applied along the direction of the bonded fiber.
cated U-groove, incorporating a suspended spring that servesyhen the applied force increased beyond 4.5N, the opti-
as a stopper, effectively positions and secures the fiber dur-cal fibers of all samples broke without any debonding of
ing assemblyFig. 11shows a cross-section of a fiber bonded the adhesive. After the testing, all the bonding points are
in a U-groove. With proper wetting on a clean surface, the intact. Meanwhile, optical switches are to be subjected to
epoxy was well dispensed on the fiber surface around thestraight pull test for the fibers. This test is intended to ver-
U-groove. It also reveals that the fiber stands precisely onify mechanical robustness and also exposes the switches to
the bottom of the U-groove. The measurement results of the conditions that may be experienced during packaging, han-
bonding strength between the fiber and U-groove will be dling, or installation. In our packaging, the fiber was bonded
described inSection 5 to the metal tube using epoxy. Following the test procedure
Fig. 12shows the final package of a4 optical switch  of GR-1073-CORE, the generic test requirements for sin-
prototype with a dimension of 35 mm25mmx 10mmex-  glemode fiber optic switcheid4], 1.0kg (9.8 N) load was
applied to the loose-buffered fiber for 5s and repeated three
consecutive times. All five samples were intact. To further
investigate the bonding strength, the debonding forces were
characterized to be between 20 and 25 N. These values are
more than two times the requirement of GR-1073-CORE.
Gas leakage of the subpackage was characterized to in-
vestigate the hermetical encapsulation property. A sample
was put into a customized bombing chamber for helium test.
Then the chamber was pumped to%@nbar, followed by
filling with helium gas. Once the He pressure got to 3 bar,
the atmosphere was maintained for 2 h. Eventually the sub-
package was moved out from the chamber and shifted into
He leak detector, Varidif' 959, with a minimum detectable
leakage of 101std cc/s. The result indicated that the leak-
Fig. 11. Cross-section of a fiber bonding to a U-groove. age rate of the hermetically sealed subpackage was lower




than10~7 stdcc/s. Fromthe view of avoiding moistureand
othercorrosie ingredientsthe leakageof 1 x 10~/ stdcc/s
would prove reliablefor the packagingof the microswitch
[15].

5.2. Optical performanceinsertionloss,returnloss,
crosstalk, switch time

As the essentialparametersf optical switch, insertion
loss,returnloss,andswitchtime werecharacterizedollow-
ing the proceduresand requirementf internationalstan-
dards[14,16,17] ThetestequipmentsncludedDFB source
moduleandpower detectomodulein Newport™ 8800,de-
tectormodulein ORINON™ fiber auto-alignmensystem,
Newport™™ F-CPL-S12155coupler (1 x 2 type), and the
fiber adaptorsThe centeroperatingwavelengthis 1550nm.

5.2.1. Insertionloss

The insertion loss is the fraction of power transferred
from input port i to outputport j expressedn units of db
[14]. Insertionlossdependn the input—outputconnection
(i, j), wavelength,and also dependon switch state. The
insertion loss of connection(i, j) a wavelengthx and a
given switch stateis designatedL;;(1) andis definedby
the following equation:
Pi(2)
Pi(A)
where,P;()) istheopticalpowerlaunchednto porti atcen-
ter wavelengthi andP;(1) the on-stateoptical power mea-
suredatportj atcentewavelengthh. andagivenswitchstate.

Theinsertionlossesn two statesparstateandcrossstate,
were characterizedAll the readingsweretaken repeatedly

in orderto reflectthe errorscausedby the connectiondif-
ference.

ILjj(») = —10log;, (1)
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Fig. 13. Insertionlossesand their distributions for: (a) bar stateand (b)
crossstate.

The characterizatiorresults and their distributions de-
pictedin Fig. 13 exhibit considerableepeatability

5.2.2. Returnloss

Returnlossmeasurethecumulatve effectof all backscat-
ter and parasiticreflectionsfrom within the device. Return
loss dependson the port, wavelength,and may dependon
the switch state[14].

Pi(back) A
Piiny(X)

whereP; in) (1) istheoptical power launchednto porti, and
Pimwack (A) the off-stateoptical power returningto porti at
centerwavelengtha.

Following the measuremenprocedurein TIA/EIA Stan-
dard[17], thecharacterizatioschemevas setup asFig. 14a
andb. The power levels Py at the detectorat couplerport
1 and P; at the detectorat couplerport 3 were measured
in Fig. 14a In order to reducethe reflectionfrom detec-
tor 1, the fiber betweenport 1 and detectorl waswrapped

RL;(2) = —10log; (2)

2, Po
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Fig. 14. Measurement setup of return loss.



in mandrelwith a diameterof 15mm whenthe readingsof
P, weretaken. Subsequent|ythe detectowas disconnected
from couplerP;. Connectthe switchto couplerport 1, and
the detectoras shavn in Fig. 14b. The mandrelwrap of
15mm of the optical fiber betweenthe switch and detector
1 wasappliedto reducethe reflectionwhenthe readingsof
P> weretaken. The calculationof returnlossis formulated
[17] as

RL = —10logy, [C — Pl} L 3)
Po
where,RL is thereturnloss;IL the couplerinsertionloss;
Po, P1 andP3 arethereadingsof power describedabove.
Following above method thereturnlossof optical switch
was characterizedThe readingswere taken repeatedlyto
minimizetheerrorscausedy theconnectiordifferenceThe
characterizatiomesultsandtheir distribution aredepictedn
Fig. 15. Theresultsincludebar-andcrossstatesTherefore,
the distribution broadensslightly.

5.2.3. Crosstalk

The crosstalk is the fraction of power transferredfrom
input porti to anunintendedoutputport j expressedn unit
of db. Crosstalk dependson the input and out put ports (i
andj), wavelength,and may also dependon switch state.
Thecrosstalk, XT;;(), frominput porti to outputportj at
wavelengthi andfor a given switch stateis definedby the
following equation[14]:
Pi()
Pi(2)

where,P;(1) istheopticalpower launchednto porti atcen-
ter wavelengthi andP;(1) the off-state(i.e. whenconnec-
tion (i, j) is in the off-state)optical powver measuredt port
j atcenterwavelength) anda given switch state.

The crosstalk of our optical switch was characterized.
Theresultswereover 35db in the crossstateandover 60 db
in the bar state.

XT” ()\.) = —lO|OglO

(4)

5.2.4. Switch time
The connectiorswitch-ontime, ton, is a measuref how
fasta connectiorcanbeestablishedit is measuredrom the
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Fig. 15. Returnlossesand their distribution.
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Fig. 16. Control and optical signal waveformsof 1 x 4 optical switch.

initial applicationof thecontrolsignalto thetimeit takesthe
outputpower to increasdo 90% of the on-statesteadystate
optical power level, with no subsequerntnging greaterthan
10%. The switch-ontime includesboth the control signal
transientsand the optical signal transients.Similarly, The
connectionswitch-of time, tog, is a measureof how fast
a connectioncanbe broken. It is measuredrom the initial
removal of the control signalto thetime it takesthe output
powerto fall to 10%of theon-statesteadystateopticalpower
level, with no subsequentinging greaterthan 10%[14].

Fig. 16 shaws four working cyclesof 1 x 4 optical switch
ataoperatingvoltageof 90V. Theabove curve labeledas1
in Fig. 16 is controlwaveformandthe below curve labeled
as? is reflectedoptical signal. The optical switch canwork
steadily Both the switch-onandswitch-of timesare0.8ms.
This switching time of 0.8ms is only 1/12 of the generic
switchingtime criteria [14].

6. Conclusions

We have designedand fabricateda novel 1 x 4 optical
switchbasedn SOlwaferandDRIE processThetilted mir-
ror with anangleof 22.5 madethelayoutof themirrorsand
opticfibersmorecompactOnly onephotomasks neededo
fabricatedhe micromirrors,combstructuresandconnected
springs,U-groove, anda suspendedpring(stopper) A sat-
isfactoryyield of 70% was achievzed during the microfabri-
cation. The precisionU-groove with an integratedstopper
and our customizedlensedfibersis a novel approachfor
easyassemblyand alignmentof optical fibers. The optical
switch prototypewas packagedand systematicallycharac-
terizedin termsof bondingpropertiespptical performance
including insertionloss, return loss, crosstalk, and switch
time. Eventhoughthe combandassociatedpringstructure
couldbefurtheroptimized,the 1 x 4 optical switchis ready
for immediateapplicationsn optical networks today



Acknowledgements

This projectwas fundedby Ageng for ScienceTechnol-
ogy andResearcl{A*STAR), Singapore.

References

[1] PB. Chu, S.S.Lee, S. Park, MEMS: the pathto large optical cross-
connnects)EEE Commun.Mag. 40 (3) (2002) 80-87.

[2] T. Yeow, K.L.E. Law, A. Goldenbeg, MEMS optical switches,|EEE
Commun.Mag. 39 (11) (2001) 158-163.

[3] S.S. Lee, L.Y. Lin, M.C. Wu, Surface micromachinedfree space
fiber-optic switches,Electr Lett. 31 (17) (1995) 1481-1482.

[4] M.M. Koh, W. Menz, Micro optical switching by electrostaticlin-
ear actuatorswith large displacementsin: Proceeding®f the Sev-
enthInternationalConferenceon Solid-StateSensorsand Actuators,
Yokohama,Japan,1993, pp. 120-123.

[5] A. Miiller, J. Géttert, J. Mohr, LIGA microstructureson top of
micromachinedsilicon wafers used to fabricateda micro-optical
switch, J. Micromech.Microeng. 3 (1993) 158-160.

[6] C. Marxer, N.E.D. Rooij, Micro-opto-mechanical x 2 switch for
single-modefiber basedon plasma-etchedilicon mirror and elec-
trostaticactuation,|EEE J. Lightwave Technol.17 (1999) 2—6.

[7] M. Hoffmann, E. Voges,Bulk silicon micromachiningfor MEMS in
optical communicatiorsystems,J. Micromech.Microeng.12 (2002)
349-360.

[8] M. Hoffmann, P. Kopka, D. Nisse,E. Voges,Fibre-optical MEMS
switchesbasedon bulk silicon micromachining Microsyst. Technol.
9 (5) (2003) 299-303.

[9] D.J. Bishop, C.R. Giles, G.P Austin, The Lucent LambdaRouter:

MEMS technologyof the future heretoday IEEE Commun.Mag.
40 (3) (2002) 75-79.

[10] PB. Chu, S.S. Lee, S. Park, MEMS: the path to large optical
cross-connectdEEE Commun.Mag. 40 (3) (2002) 80-87.

[11] PD. DobbelaereK. Falta, L. Fan, S. Gloeckner S. Patra, Digital
MEMS for optical switching, IEEE Commun.Mag. 40 (3) (2002)
88-95.

[12] A. Neukermans,R. Ramaswami, MEMS technologyfor optical net-
working applications |EEE Commun.Mag. 39 (1) (2001) 62-69.

[13] C. Wilson, P. Berk, Fracturetestingof bulk silicon micro-cantilever
beamssubjectedo a sideload, J. MicroelectromechSyst.5 (1996)
142-150.

[14] Telcordia TechnologiesGR-1073-CORE GenericRequirementdor
SinglemodeFiber Optic Switches,January2001.

[15] Y.F. Jin, Z.F. Wang, Z.P. Wang, A study on hermeticpackagingfor
micro-optical switch, in: Proceedingsof IEEE Fourth Electronics
PackagingTechnologyConference Singapore 2002, pp. 96—-100.

[16] TIA/EIA Standard: Interconnection Device Insertion Loss Test,
TIA/EIA-455-34A, November1995.

[17] TIA/EIA Standard: Determination of ComponentReflectanceor
Link/SystemReturnLossUsinga LossTestSet, TIA/EIA-455-107A,
March 1999.

Biographies

ZhenfengWang was bornin ShanghaiChina.He receved his BEng and
PhD in electricalengineering(1996) from TsinghuaUniversity, Beijing,
China. From 1996 to 1998, he worked at Naryang TechnologicalUni-

versity (NTU), Singaporeas a postdoctoralfellow. In 1996, he joined
Singaporelnstitute of Manufacturing Technology(SIMTech). He is cur

rently a researctscientistat SIMTechinvolvedin microsystemnintegration
andmicromachiningprocessdevelopment During the last5 years,he has
beencollaboratingwith scientistsfrom the Institute of Microtechnology
of the University of Neuctatel, Switzerlandin the field of MEMS device

development.

Wenging Cao receved the BSc and MSc degreesfrom Xidian Univer-
sity, China,in 1986 and 1992, respectiely, and the PhD from Naryang
TechnologicalUniversity, Singapore,jn 2002. He is currently a postdoc
at Los Alamos National Laboratory USA. His researchinterestsare in
fiber-optic evanescenthemical sensors semiconductoioxide-basedyas
sensorsMEMS/MOEMS and their packaging.

Xue Chuan Shanreceved his PhD degree from Tohoku University in
1992. From 1992 to 1998, he worked in Olympus Optical Co. Ltd.
as a senior researchengineer He then joined in Singaporelnstitute of
Manufacturing Technology(former Gintic) as a researchscientist.From
October2001 to December2002, he worked in the AdvancedIndustry
Scienceand Technology (AIST), Japanas a visiting researchscientist.
His researchinterestanclude AFM-relatedtechniquesdesign, fabrication
and packagingof microsystemsand microhotembossing.

Jianfeng Xu recevved his MSc of Singapore-MITAlliance in 2002. His
researchinterestsinclude coupled MEMS modeling, simulateand anal-
ysis the mechanicalproperty of the miniature structuresHe is currently
studyingfor PhD in University of California at SanDiego.

Wilfried Noell received the PhD degreein physicsfrom the University of
ULM, Germalry, in 1998.Since1998,heis with the Instituteof Microtech-
nology (IMT), University of Neuctatel, Switzerland.After working for
morethan2 yearson tools for nanosciencée becameesponsiblgor the
group’sactvities on optical microsystemsn the beginning of 2001. The
PhD work was pursuedexternally at the Institute for Microtechnology
Mainz (IMM), Germay, on the developmentof a microfabricatedoptical
near-fieldsensor He finished his physicsstudieswith a diploma degree
at the TechnicalUniversity of Darmstadt(TUD), Germary, in 1994. His
diploma thesiswas a joined work betweenthe applied optics group of
the physicsdepartmenif TUD and the researchand technologycenter
(FTZ) of the DeutscheTelekom on integratedoptical waveguidesbased
on InP.

NicolaasF. de Rooij received a M.Sc degreein physicalchemistryfrom
the State University of Utrecht, The Netherlands,jn 1975, and a PhD
degreefrom Twente University of Technology The Netherlandsjn 1978.
From 1978 to 1982, he worked at the Researchand DevelopmentDe-
partmentof Cordis EuropaNV, The Netherlandsln 1982, he joined the
Institute of Microtechnologyof the University of Neuclatel, Switzerland
(IMT UNI-NE), asprofessorand headof the SensorsActuatorsand Mi-
crosystemd_aboratory Since October1990till October1996 and again
from October2002, heis actingasdirectorof the IMT UNI-NE. He lec-
tured at the Swiss Federallnstitute of Technology Zurich (ETHZ), and
since1989,he hasbeena part-timeprofessomt the SwissFederalnstitute
of Technology Lausanne(EPFL). His researchactiities include micro-
fabricatedsensorsactuatorsand microsystemsHe was a memberof the
steeringcommitteeof the InternationalConferenceon Solid-StateSensors
and Actuatorsand of EurosensorsHe actedas EuropeanProgramChair
man of Transducer$87 and GeneralChairmanof Transducersg9. He is
a memberof the editorial boardsfor the journals Sensos and Actuatos,
Sensos and Materialsand the IEEE Journal of Microelectometanical
SystemsDr de Rooij is an IEEE fellow.



	Development of 1 x 4 MEMS-based optical switch
	Introduction
	Design
	Operation
	Simulation

	Fabrication
	Packaging
	Packaging scheme
	Optical fiber assembly, alignment, and bonding

	Characterization results
	Bonding properties
	Optical performance: insertion loss, return loss, cross talk, switch time
	Insertion loss
	Return loss
	Cross talk
	Switch time


	Conclusions
	Acknowledgements
	References


