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BOUNCI NG MODE OPERATED SCANNI NG M CRO- M RROR FI ELD OF
THE | NVENTI ON The present invention relates generally

WO 000543196 Ng M cro-mrrors inplemented in M crBpCEIR006/@0657
Mechani cal Systens (MEMS) or Mcro Opto Electro
Mechani cal Systens (MOEMS), and nore particularly to
tilting mcro-mrrors usedifor scanning. BACKGROUND OF
THE | NVENTI Atilting nicro-m [ ce
el LN GINRMORERT A R ARHIREMEGR oV ERBER o
scanning, its elenents and operation principle are

shown in FIG 1. Atilting mcromrror (or sinply
FIELD OmTHEINVENDWNMonpri ses a generally flat plate (e.g.

de of silicon) at has refl ect.ing surface 104. .
RaPESEI S IR SERTe B AR PErRRBR AR gagemented in
Micro El&o REhdi&] stinedvaENesd oft MRIFMth OFRL@S Nf@EHinical Systems
tilt) axis 108." The two hi'nges render mrror 100
(MOEMSBpendniore particelatly tatibiorwiises-miraore yeast for eqasniag se
around axis 108 in a given range of angles (typically
5degrees). A |laser beam 110 that inpinges on the :
BACKGROURT OBTHRINVENTOONt he mirror is redirected by the
mrror to a scanned area 112. The tilting mrror is.
A Hlting WiFToynIEAT B cRalRbAleRmERERm AT % Op YHOBMS devices. When
- - A0 i = Nen S
wet BN UMD AEhIALL Yo SR TTR, ) P i
mirror (¢rasimplyi 'Inhittpr'an g0 eomprisessicgenaiaily flat plater(e.g mede pfigilicon) that has a

. requjire hapes .a anni n th 202 to foll d "
reflecting, i geS 1031 Eeohl] KoBd SUSROURE ¥ dMcarial s 46 end 106
aligned 416h@AYH M onSbBRA (ahd tiﬁﬁ@)ﬁ? flod. OMhettie HiYeVadrdePREHNAION operative

scanni ng, as shown in box 206, while a sawtooth signal,
to tilt clodeviss ambeaimterélockwise athiung @xisokd8) ingcgiren ragge af asglesiypically +

i\n x 210. > 3>.4> 5> represe S i n.the .
sdegrecy), & gsiein 110 OFHPR g e KRFIAE PlRE 3Py Bitdhs redircted
by the nlIB6L &S bdanh€l &L R Bt tilAg &rifrbeR aofuatedatyl @l achiiion moment 120

tenmporal distortions i%oses Specific requirenments on
that can bl @resédethshyeliikapwn MEMSractstipp AYStA®se i ncl ude | ong

¢ b ; .
512 00 Yt L IR S5 e of o
scannind\@iittat, Qe sthdr&fuped chipe 61 & 2eddhninpppat? 262 230 fa?ldO2d b the reflected

mrror of this type has been i np|enent ecent in.a
laser begpy pRyaicapned; 458 Td2e gmesles smel lwsifﬁeﬁt fOéttﬁme??(%rd-backward
scanrﬁn%qls%h%"\ﬁrpf)oi- hab! whEa D s3eansth "gonhe2B8qk 9@¥dddofor one directional

utonotive Projection Displays", avail able at
scanning/l asrshuwsiimbox 2880.( ¥ 2> 3> 4> 5> 6 represent scans in the time domain. In this

. htt.p: [/ nvis.coml pdfs/sid aut@.pdf.. Tilt mrrors, .. .
kind of gppligfia (RLE R G| Ko ShEBRG LBl STAIA 4B b dptortons
imposes2dpeSifidabQliferhdil SABR! RendiAy GABRSHAIrERIh&TbrS k& Mcluddfong term

in l'ight processing devices used in projection
ﬁequen@emhglty)@pd canptanigangpdari eqlgeitr (feéssmgﬁsméaiwnéb@ﬁgth}énhpe et al,

Sensorsnc}?ﬁ%efctba o f—?’%}r}si&ﬁ%r&?ﬂ’ pp(:i %E?—Q%,%OZ. A mirror of this type has been
implemented recently in a virtual retinal display, see T.M. Lippert et al, "Overview of Light

Beam Scanning Technology for Automotive Projection Displays”, available at Microvision
Inc.®, http://www.mvis.com/pdfs/sid_auto.pdf.

Tilt mirrors are also used in optical switches and variable optical attenuators
implemented in communication systems, and in light processing devices used in projection
technology. A large variety of designs and operational modes have been reported, depending

on the requirements imposed by the specific application. For example, in optical
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on the requirenents inposed by the specific
application. For exanple, in optical communication
wa@p@bilz®té ons, the requirenents of |ong term PCT/IL2006/000657

positioni ng accuracy conbined with high optical

quality and low thermal sensitivity are the nost

chal l enging. In contrast, rmcro- m rrors used in
comm rcgt%ogulcéén 1{(‘:@%@@ Sre{qﬁ{rgx?n?fts dog’glﬁ gags%ggﬁgg gelcc)fguracy combined
with higlebb@ed! igablity, arshRid ﬁfewnhpsan@gwhyr@e R of¥sOBhallenging. In contrast,

reltability, while positioning issues are usual %m | ess
micro-frges %Ied ivprdiectionrsaicesrbarithe §1%ﬁabpmcgﬂsir5g Qfessslbbkii@t nmst fulfilt

[ it i-ff " e it
requnexmgér#t? r@}lﬂg&% hiyeTt ﬁ‘gﬂco eé" énIl l%gg r?’ﬁaé’dﬁ‘tﬁt WPH% i°e gsitioning
issues afmhamgehsg déyciand hi gh | evel of uncertainty of

Qper ati onal forces, devel oped MEMS act uat ors.
V&a l§dingas matignsgre highhod esuaalé\m@él TRCEQrEAT oS, Hris dxfﬁwlb@ provide

it. The ﬂﬁﬁcﬁ'[%l ﬁoﬂﬁﬁﬁ? ‘%h%( rd@fﬂg% eﬂ&@so? #h0 %H%@lfceﬁo%&é%ﬁ% aa(%zdchlgh level of

magnet’i ¢ | aser and flow1n
uncertamty( uﬁbp@mt;ormi; fowekd das&lmtiulm MEMBaamhtm Ahlape vaiary wi micro-.

devce VR v 2 S AL, F 3908 608 Ui
thermal aﬁ‘é@d] tageaf ﬂBﬁQH@ﬁde@ a@ﬁlta’d@ﬂ | QRyd[Bad aﬂ:@uajubﬂ %%ged on shape memory
rel atlonsh|p bet ween t he |nput signal (electric

alloys. Eleeirestatic thtoneanddn@alem actigtiere remmuﬂh@mostt Weiepr ussad methods.

the mafPhfahal o Mokedh BRANRRRL ERBSHOBHL OB BEHLA B bt sgna
(electrid alrﬁetnlt)\/&{d/ theomhatmt foekef Huviesat,i B8 pRice GRES BSusuhlly a high power
addi tion, the scaling | ans of mag‘netlc actuators are

Consumpfé@% regiéng in ehighabeat ngesterasione | intriceeis toft e dlesignt ends relatively
comphcygﬁ fﬁﬁ%’u{)ﬁ grc}&é&eg al, B/ easrc]:gﬁllu%f%\xg‘ Jfrn?{gle% actuators are less

scanni ng application tnate I'spla
favorableuhatrteats of blenirastativsactymtdre. @ millineter) and the

red. operation_ frequencies (tens of KHz
@F&fﬂ%%d( B}CGP%}%‘P bt F‘B%Oéfl’tn?oéé?‘i( fFaIRigy aPIP#%LQ% & a rgiinal display
(from hégﬁéds‘ émmc%ﬁéeﬂﬂ t@gaelillﬁﬁleﬁ:lrf&{d' &%H@c}dﬁédé@%ﬁﬁbh (f%q}lenmes (tens of

i ncl ude sinple, | -establ i shed pfocesses use
KHz) mile feldstiostati¢ oavtwstion| attctiet dfoi chibevscely dddwtiopoweivantages of

o0 4Bk i BRSE SORETBELL kS S8 B A Hhricatin o

clectrostidfyyvEibes, IR p6&BE Ectlsupfibn, Gl tdevabp&l ﬁ@&&ﬁ@t@&l‘s @nd large variety
actuation is the intrinsic nonlinearity of

of desigl eergeptst gaported gpclitsratyrp. Heaveyexs ethefceatralc érfﬁplﬁgy of electrostatlc
actuatloml{ it mtrHsl{c nd’n(f%ggr r(r% L e% &n#: @c%er@% ?rhgﬁe 2%5? é ﬁaalgnng mirror,

this resu]ms th & lneﬂlneé.ﬂdl@d:hﬁnce bf dﬁ%ﬂﬁ&ﬁg orsibn efefiat beMRR tilting angle and a
ol tage., Moreover, the nonlineari ty of electraostatic

nonlinegtofcpadrafiohisieRaensa: ¢ ARETPYGRBA Yol 192of Maregster.c the noplinearity of
electrosfaﬁé?&%%t@?ﬁ%ﬁ?ﬁ% fn?éaﬁ?fﬂf aa&c%%% Bri n%}ﬂ%?ﬂé&ﬁlééeaﬁ'g rc?shlgad also

I nst abi Imtst era
to pull-id msrterbehty,Twhmh dinttsrthe oprestéondl fafnge of theelsyicdli f f er ent

ol uti ons sed rior _art ecifically, a
fEFHEE Sr E’fgg’gPesé o‘%l?ﬂ?gqnf a é‘}thnﬁ pl‘ﬂ).téres |P§?P§|S€4va‘§ prior art.
SpecificHBEth B¥nMED3BGE ko f%ﬁh Ysi {
pecifi ?f g ne132 g&hr rof o(ro R e,g gl!& of\Jvé;s 120 %y3% hang et al,
Applied dihysios Lettarn atzdr) p;peéBO -132, 2003, for the operation of a micro-resonator near
the parametric resonance. The use of a vertical comb drive permits the elimination of the
actuation moment dependence on the tilting angle and the reduction or even elimination of the

square dependence ou voltage, see e.g. JH Lee et al, Sensors and Actuators A-Physical 96 (2-
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the paranetric resonance. The use of a vertical conb

drive permts the elimnation of the actuation nonent
walewensivn€e on the tilting angl e and the reducPCDIL2006/000657

even elimnation of the square dependence on voltage,

see e.g. JH Lee et al, Sensors and Actuators

A- Physical 96 (2-3) pp. 223-230, 2002, H Wada et al,

S N L TR T T i

Schenk €212 5ePrs & Adrubtors 20B8ysichN89 NEQRES.] 104-1 D1, POOY] T Becessity to
trlangular signal which'is required for vi deo

provide aptphn\guéﬁru sigrel Whislds resuired Jorhiidsie applicriions ieads e uegdigy actuation

Voltages ﬂrr %; h CaS&ﬁfma%l%gE ?aéﬁ\?t‘%lgﬁ: I‘vgi%{] %?3[‘11%‘%‘%%1 Jl“ﬁi(r) Qi?ﬁiculty is not related

to the lihdafi@pbf thy nftiohhed Mok IaQBsuamf high dogutar beidratiofs durigh the inversion
angul ar _accel eratigns_during the inyersion of the
of the VRMfGHR} t FO ONGTIOWEr EBHELTIRTIYY. dFaaRFRan ty Buphatqidege. ¢f 29" Irael

2n t Iy f

Confer e%ggﬁarjﬁf Gt yéﬁm PEH e"ggrel] n %Sl ? fgggl Z’g{)%%ec nﬁa’olrﬁfad’ suggested
to reprebait filee, rehsmabhwngmﬂg:g&spm‘setas arfepriessmies ofi einnegjdilrethponents, and

ar res onse a Fourier series of sinusoidal

to eXClt%Eﬁ‘Fgé’% & COTHR eFIBS A4S PEOREEH of these conponents at
Ffo%?&ﬁkaﬁ@tﬁ tA1 %u@ﬁ QBhB0Bs ﬁ'icldaetlﬁéﬂl céﬁh‘ﬁ[éx&?' Hifﬂ@ﬁléy to provide

|nc ude high conplexity, difficulty to provid

resonant dgnentiesf W@hu}@ghu ARy hat ghnsaqmmﬂaclylghamsmvﬂy to fabrication

toleran S RFIRAL AR P BB b P RER g e

TE&O PMbrefdre guaaely reddd@iRd nsed foe0t o woddWedéghly advantageous to
recogni zed need for, and it woul d be hj

ghl
have azsppampEgBisieNgOndhe has ORI FAOEPB- incariby compinedawith high
I onbi ned wi th high
Operan&%} ﬁg(]i %’%fpg\p%%%@ﬁa‘)ﬁgxgegw actuation vol tages.
SUI\/I\/ARY OF THE | NVENTI ON The present invention

di scl OSEE E Elli:g& "bounci ng node" mcro-mrror that
S O ional stiffness elenent (also
E&Q 1ﬁ\%11{1215 ﬁfégfb%g a filting "H8SidPhbaE ARro-RAHBERAL hses either

pre curv nonl 1 near Stiffness elenent to achieve
an addlaomll ;s‘effn@s e@mnml(aigo pﬁ‘cﬁr@i tmﬂmelghmktéhpr@s@mhqnmsemumﬂ") ora
rt n§ :%ﬁg ose? nﬁn hani cal actuat or used gﬁ‘ cesent
pre-c pes Slermieo Al eoRRcTE s b fopgs. g P
1nvent1@H" fithle disBloBed 8 mhiefH-ARthAAAl horadbor abdltAmovead feh®EY carrying a
he present invention further discloses a novel
paylo act ‘{etg iargireark al@nmanraeﬁns imortiperésidiesh aprliniesh angrier Hripeipys The present
1nvent1(m %lh Id?s\é?gg dev ofé/eefi glip{e Crt%%ég ‘la’mhjop?&f ns Ca]?%}gt?oxp Eha‘? permits the
achleveﬁm‘[ bfl@ ?Iecé@fse @mear ResuIBe o1 @ﬁibtmmirrort dteflcebmdahﬂemby intrinsically
operatjon according to the present inventiaon
nonlineg, @CPT%Fe@aOf@o‘?WB%CPmé% Fhe SBOwISHIE WSO CReraiil aefording to the

present%\%ihbﬁ i & adloRiact Wne %etg@%fr‘ ShePhftS £AGH élhﬂf& doR&raint, which
or Thi s

reaches a prescribed rotation angle.
takes pta@ateadt tieeethie mﬂ‘rdroiehdwsda prestribed rotation repgf. THie contact event is

followefl e PRRRGHBa S BIRAF 50 BB B IYPriGIGR e Bnish Gitkigy hence the
name "bBEhchP LN I Bitfher! SmBEdHNEME thd YbduRing mode" is achieved by the

action of pre-curved nonlinear stiffness elements coupled at one end to an actuator and at

another end to the mirror. Illustrative examples of bouncing-mode scanning micro-mirrors
actuated electro-statically by both parallel-plate electrodes and planar or vertical comb drives

are presented in detail. It is shown that in all embodiments, the response frequency can be
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action of pre-curved nonlinear stiffness elenents
coupl ed at one end to an actuator and at another end

wo eoobhsomsé rror. |l lustrative exanpl es of bouncPeminEoe#00657
scanning mcro-mrrors actuated electro-statically by
both parallel-plate el ectrodes and planar or vertical
conb drives are presented u4n detail. It is shown that

in all enbodinmenis, the response_f.r ency, can_bet uned
tuned el B FHREOL SRt ireyptea olget it TP AigR tpnpnpeisate for
uncertaiftRAL Ul Ge Hat LM erk QIGATRELTACEel AevidBE 8Hd % Rih@Sorize tHeeresponse
paranmeters of mcro-fabricated devices and to .
frequencyywith pgmécision heficiesiplon yislep rapplieatiops. wil hhresomnéiosie @peration and
suf.fici.ent f.or .video a icat i .Ih eson -
e epplfglpn iRt eSS TuRE e R e S SRR T Hose o the

clectrodél (ihi tAE bbiee£ Pl atalleN flate, acthiion tehempiel,redable Dpetacise at Oxtremely
the electrode (in the bouncer plus parallel plate

low power andi oieltasaanBne) proidsbpe COFRREL PBM BT REh @FBIIPT ohdditional
improveg’l%}qﬁr' aﬁﬁjeakg%l | ?}ea?&ﬁ%\pﬁé[dmﬂggﬁgg %%Bﬁ&ﬁioﬂ% o) 9%5&?3 voltage

uat or . inearity nma
during tleciirestatotidir sargbert brameaipglevestsi on of a correction

voltage during the m.rror notion between.bounci.n .
beesee. fif Y enYipR LSS WCF%%%PP‘E[H_‘CG% é@ff_ﬁé clement in 2
similar A 86 aHonBnddP BEiNAEY, sﬁédi{ifﬂ@%@ a8l iBFB& osbillaRr, SfofteAdhaping of

manner to a nonlinear oscillator, specifically to an )
an outputngigrel. Badlelinpegroscilletors nsogivagsinggbamhcing aseikpen and intensively

. .Signal. Wi le inpact, oscill.ators dngorporatin .
studied c?%lnﬁ?regwq%ﬁﬁ %‘i‘?@%’l’l‘ﬁ’t sl?s\%(ffya g?lﬂglgre gr |ar¥’(il ¢urved nonlinear
stiffness ¥Eth i€ disd)oaadThe&inl anll E6rthe P@rpobé&%eﬂﬁﬁthﬁer@n Bawnkeewmor

a pre-curved nonlinear stiffness elenent as discl osed .
Advastageaurly.fiprthe heunsingrweds usiag togpedss diselepyd hegein, the actuation

W ¢ Co . . _

tores R SROUDIAARRRIREIRY: Iy DBSRRHT SRS 0y e

barrier).apgk itled iehiahe MENMStapelicdtionsyra fyprakditetitraexiste iy) which the structure
directly.to the bouncer (active barri,e‘g. Ngte that in

of the migraylentshes Hpgsr mesbamrally. and yonliogpriiyiapises onbh dus fasaeduatign forces.

For exaif3leCh {H%qia?é btig Ec‘aéﬁﬁin%fmi%? I8 GirRrede¥t @€ tdiSiohaRRAE constant. As a
C y, an I

ani ca nonlinearity arises only due to .
result, the tuatdnoof fhermisr iBdhe ebsanpt eof dctuatine fomwse dufing the time interval
scanning mrr.or t st ffness .he torsi axis.is .
betweerygHGE TR <VERE 15 oF U e RV 11 gh BT CHEST | Por i ylocit of
such a RARHNEDeRds @Ftahitiancdnaltas dgﬂﬁth ¢hd inRial kifRtié BhEpY@htial energy
bet ween bouncing events is actually a free notion of a

of the systeraand opghe siiffse of theutorsion siirngi Iy thefcasywhemthedtinesie energy is

depend the, initi ondi ti [N 4 Nt
e donSERERER Bl 50 AP E PG RESREEL LI Ll e e
motion &t ifdoR @88 a Uesitdbie lewtlsdfale Sipedritg of hivtiohds aes@abiee Thiststuation is

. _kinetic energy is_the dom nant, part of the total |

realizablmwhey thsr stifess gisthe prsimespyiagiasmall compered Wigh ghe gtiffness of the
during the free notion is mnor and a desirable | evel
of the linearity of notion is achievable. This
OtHen dinpowarit aidvaahgdes aifl the dhreioed frel sietotindissloséd hérein include low
.. torsion spring is small conpared wth the stiffness of
sensitivith oF i FeeICCRMLHAPH B MR AP HERL Wfbe SEeTh Reriigoend good

controll 3Bty TBF %%q%n@&?’ﬁl&%eﬁvgﬁﬁgésnaﬁﬁcﬁ&ﬂ%é @t that the frequency of the

mirror is defined by the deformation of the barrier, which for its part depends on the level of

barrier.

the energy supplied during each bouncing event. Viscous losses during the free motion, as well
as uncertainties in the system parameters, can be easily compensated by controlling this energy

supplement through the actuation voltage. Note that the uncertainty in the resonance frequency
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sensitivity of the frequency and shape of the output
signal to the system paraneters, and good

weoemwbnaldh@bi 1 ity of frequency. These advant ageBCHIL28@&/000657
fromthe fact that the frequency of the mrror is
defined by the deformati on of the barrier, which for
its part depends on the level of the energy supplied

durin ach. bounci ng even cous l.osses during,the
of the rifigt B BF Gl rePoS L oV e FhA oV WL EyBHLfLicrepancy
of 25-30% BHIREEH SalciBA8d RS ARSI CANRE THAt i)Yo ¢ARHhOhhHAT frequency
) this energy supplenment through the actuation voltage.
using the@etuption voHegeupgrerisalongyernn stabdizeten wéribe réspegsee frequstncy and
. 11 L.Qr . critical,..as joned in H Wada et
precise SfHenRlEon EReRBoft HideT inEEvRANKTr 25- 3096
Betodig to ahcprb@hethvanibnbasus pbvided uaIEMRyshasdtid fot ¥canning an
) \tl?o tune the natural frequency using the_ actuation i
optical PEAT ALERSISHIE # SUITERGPERBHNG 40 ASTIPIE A TRl mpgion to a maximum
. r . .
oo B398 LSEHENRIBLE. S84 5 2cANIGRLANARA Dol Urovie
bouncingreysetdnd tnvereriedhe tdteional mopomwiltkeein sheVidMEciag padchtnism includes

f or scanni an tical bea onpr.i Sing a m.rror ) .
at Jeast 33, S5 G0 3 Pl epy JBF GRETC HO G HEGVider dhe AT With o
piecewib©liAddr EspBRe!t6 28I PIntiAt@Ally BhAldaPRhréesl S, and a

bounci ng mechani sm opérative to provide a bouncing
Avenrdingrig thopresspé inventitie tho VEENE repbarattsifonscantieg en optical beam

nei chani.sm.incl udes, at | east .one fir st
furthes LR AR IR RGOTRE Yo hetefRE, dbCie aipSbameged to o
substratthe mrror with a piecew se |linear response to
actuation by intrinsjcally nonlinear forces. According
tecrrmgiPeredeatiuisvaibs SHEMSHeraRius fap pranaingsanf etical beam of the

present Siﬁ@éh@iioﬂ,g ﬂ%nac(eﬁt&c?xglﬁt@ﬁ@ ’Irécf{l&ﬁ LondP ﬁ?# SEa AP h%%ﬁa&tolreast one

operative to provide the actuation, e act uator
second camb ddvestaton iraa diffesdnt plaae tAmcopldna¢f the fiem eohbative etatan.

he MS a ratus for s i an optical heam of the
%F%%rgﬁlg_ tprpbRer b Héﬂ&mg@% ADPAERD GRESSCRTRS £ QRfical beam of
e reGATSURLE 04, ARROn Syl 08 800 AR o (S0

substrate whereworaph dirst gemb tdsive statoxds Gabdicatgd iroa differére mcfieayerahan each

N e apparatus for scanning an optical beam of
secondi;%% gf%%'\,/gt%@r-i nvention, the substrate includes a double

Attdriigl tayer arvither EQMueIn KRS MM ra%sf)aﬁg_u} f&{&éﬁlﬁﬁ% @n optical beam
wherein each first conb drive stator is fabricated in

of the psesgpt mapriinn, detveriécal sgiab drivarcaaton isdednsdit dewbom oy co-planar

with and B cofBERAH A difroke! another foature in the VEMS
apparatus Tor scanning an optical beam of the present
Ansaadinigao thet preseneinténtivn thasts phiovided aOBMOdpparielsUde scanning an

} gt | east .one rotor co-planar with and rigi_(fly . .
optical besiih SETRESTS ATHBIOROPEBEYE 5 peFieRTh g tibng motiph de @rpaximum tilting

angle abdWRANL I ARk hﬁfaﬁohsﬁaﬁ%%.b %&%Mﬁpﬁr N layer SOI
scanni ng an optical Beam conprising a mrror operatiV
substratto performa tilting notion to a maxi mumtilting
According to the present invention, the MEMS apparatus for scanning an optical beam
further comprises a vertical comb drive actuator operative to provide the tilting motion.
According to another feature in the MEMS apparatus for scanning an optical beam of
the present invention, the vertical comb drive includes at least one rotor co-planar with and
rigidly connected to the mirror in one active layer, and at least one stator formed in a different

active layer.
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angle around a mrror rotation axis, the apparatus

formed in a double active |ayer SO substrate.
wa@\ewonsliong to the present invention, the MENMS BOPH2804180657

for scanning an optical beam further conprises a

vertical conb drive actuator operative to provide the

tilting notion. According to another feature in the

SRR R aRient i SRR W AT BtsiBhe B Pt fagtical beam
further BémpBRS lat QB AAIHY of SpiRhANEHnWéting Madnirtd 6H Y¥pposite sides to the

connected to the mrror 1n one active |ayer, and at
substratt.east one stator fornmed in a different active

%g%)galgé_\ E(g %?%};’lgrgfg éﬁf‘ﬁt llr%lgthg mgﬁ %ﬂﬁyag‘gstaﬁgg 8?—“%% ME Nﬁical beam of

the pres6@TRVdn%os, @t at®ashya ipaitfictothesmitiongsd derm éeksi oge fokwe are formed
' on opposite sides to, the subs

mrror rate. _Accordj ng .
is a top petivelaysr e theaPlisubsirate; apd W@natgﬁ g],fgqrqg acgye la?é{%ﬁi‘%la‘;h the at
[ el [ i the active
teast onf Safi'q £fapP B BHond A BIAREAFHLBOTIR S L 00 At or
Acevrdinp e the gresent iqyeaiten therd iaypeovidéd 4 hifirgOhicseHpstonfamed in a

and erejn the different tive |ayer in whi t he. a
double el &l bSirete enf Bt & YEBRED AR HVE IPEyE) e seme
substratthe SO substrate. According to the present invention

there is provided a tilting mcro-mrror formed in a

Houblliogatot dnee fdaayerinSthe Bltibgt misre-mirar £ tthatnsesepy invention, the

. .vertigcal .c driive forned in
vertical kit difs R0 st 1Yty Burormed B PR Byt Sleh Bt SO substate
and at 16st seastAbeRantd invtetter attivel lager\ ¢ tid SOI substitedr i ve

i ncludes at |east one rotor fornmed in_one active |ayer , )

Acesmrdipgdo gmpthen fisaiureainethe fidfing miczergiirrghel g‘@é’ﬁ%ﬁenﬁ‘ GV R, FTor 1S
' substrate. According
formed %&%E%‘ﬁ g‘?’ﬁ\} \ég"(éd %ﬁ{enﬂg%aépﬁeﬁﬁ 0rrfg mcro-mrror of the
Acguréingnd thepreseht mvention there is prdvidededmethot Her cmtrellangtthe path of a

. | ayer as, the |.easf one_.rotaqr.. cordin ot
light begraggdsie] BV B AEIGHIE RISEEM STRieg D delinBlereR RS pLROL substate, the
i i ' heatlal 86hBkRE ¥ in the SOI

methOdfcg e@{n}gf}t&&g{e@ﬁgﬁ?ﬁo&g@ﬁ%% %eh&g! ngToubI e[ a{):ltni ve layer SO

substratepdost usingethetdt deaseotrodertiortproingi drjve toetils thepsflegting element, thereby
1 royi %lgﬁ at | east one vertical conb drive forned in

controllinghey @Y?Bg’t ‘e, and using the at |east one vertical
%@Eﬂ}dﬁ?'w 8né Raturé In thBendtedd Sthé ps&lt eRAtion thestePpyf providing at
controlling the Iight beam path. According to one

least ofecntrtical ¢omb Haivedphioel &t thendoyhle setive laype silicon-ontiggulator (SOI)

t. f i di J
B N T e
reflectifSElemesidnt foahed imehaidaedayeyr] sidnroaidingastasnoae stationary comb

nmovabl e conb drive elenent rigidly co nectgd to the )
drive element formed in a different active layef, the”movable and stationary comb drive

elements being electrostatically actuated to provide the tilt.

According to the present invention, the method further comprises the step of providing
at least one additional stationary comb drive element formed in the same active layer as the
mirror and the movable comb drive element, the at least one additional stationary comb drive

element operative to provide a bouncing event to the reflective element.

According to another feature in the method of the present invention, the providing of at

least one movable comb drive element rigidly connected to the reflecting element and formed
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reflecting elenent and formed in one active |ayer, and
provi ding at |east one stationary conb drive el enent
wo eooamsiioier a di fferent active |ayer, the novabPer/aredo6/000657
stationary conb drive elenents being electrostatically
actuated to provide the tilt. According to the present
i nvention, the nmethod further conprises the step of
. provi ding.a east one addjtional statipnary, comb
in one BN AP ANIAeE GOBIRE e, He edinane, o obld Byt GE% pgment, the
reﬂectir{g' didREnt aRA AN 16RY &R SIZGSHA StadiviRurP b6MB Wive elenedt in a top active
east one additional stationary conb drive el enent
layer of dme3@l $ubstrate. provi de a bounci ng event to the
reflective elenent. According to another feature in
the nmethod of the present invention, the providing of
BREEF hESERIPTIONDEHE AWy e el ement rigidly

connected to the reflecting el enent and fornedin one
Referenee Wil madeindeail togreiered enbodiments o thegpeeniigyopiemples of
. o Vel . ti . .
wtic G R A B S5 I8, 180 cELPER nd v
not limifing OpAld®lupl éhd Biventicaf ist feme 30y desdyied dh ehe BRItER of these preferred
.DESCRI PTI ON OF THE W NGS Reference will. be.made in
embodirgenisiif S}toﬁldp‘?%m%%oi%/bﬁ!WT%?FtlgteB‘?edt i s ind scope of the
inventio® @MHL&S &ftlcﬁﬁ?f ChbBRndRR. ITHeUsitucRE& dopebatioRe and advantages of the
accorrpan% ng figures. The figures are intended to be )
present prefferstdremttiodenem of tHei inveritiog. will beboyng further appaves t2pem consideration

nerally.descrjbed in the context of th e -
ofthe FlRGR ShILon PO APTBEToR (i O ot vy R T s itin
FIt end@svd Bel dlidthénté Bed Speratibn priflcipleop®a @iftitgh@icro-mirror used for
invention to these particul ar enbodi nents. The
scanningt r uct ure, operation, and advantages of the present
fenred. e [y ' 1.Of: WLl e : ;e
P S SRR e Onnd o ot e R Reming i
HES.CRI Mluktedes eheamutically anjpride tairtotiltitgt mitrbe that uses parallel plate
acconpanying figures, wherein: FIG 1 shows the
electrostatieReWRYT8ENd operation principle of a tilting

FiET 2 HoWsCh o3&t asﬁcﬁﬂl?ilngginoﬁé Gnirfor SBHItst fiRration principle
reqwreg ti me dependence o he rotational angl'e of a
accordisg anthe peesentrimvantior] G 3 illustrates schematically a

0 rt tiltin 1 ror that us rallel..pl ate
Elcect shas sohemapitalli (e deppadenog o€ orsion SHEERHS (Bpmgnd) on the
tilting agggqﬁmequ%f@i[@rgr and its operation principle
according to the present invention, FIG 5 shows )
SiB.emilustaied schemeticidly enetionctagss of Hbounsing mademirrerpsds FIG. 4;

B et S S, AR b oL BhoEl i i
motion RBUNEIINY agalatibhy or as in FIG 4; FIG 7a illustrates

the tine history &angl e-ti ne dependence) of a _bouncin
Hiae 7hiitlpgirates the dependence of the natural frequency of the mirrof on the

deformation of the bouncer.

FIG. 8 illustrates the simulated time history of an actuation moment My resulting from
a bouncing event.

FIG. 9 shows schematically yet another embodiment of a bouncing mode micro-mirror
device in which the bouncers are connected to the mirror;

FIG. 10 shows schematically yet another embodiment of a bouncing mode micro-

mitror device with a pair of additional softer bouncers connected to the substrate;
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noti on obtained by a sinulation; FIG 7b illustrates
t he dependence of the natural frequency of the mrror
worotbha19def or mati on of the bouncer. FIG 8 il | PSI/I20&000657

the sinulated tinme history of an actuati on nonent

MAresul ting froma bouncing event. FIG 9 shows

schematical ly yet another ebodi ment of a bounci ng

node m cro-mrror, device in V\:hICB é}he bo rs are

Ehnbl shevs schamaticaily gt angther 9begipizat oty pde micro-
mirror de¥teeFRRTBALEANALATA indpeRichAY BETIHABI Bgufers O 1 or

evice wth a pair o itional softer bouncers

Ebﬁhnlﬂ:at githwsoschimatedilyt 2 @reeaﬁtv@l nmlmwsffwh eshernéng hitymay be

not her .enbodi.nent. of a u crom.rr.or

advantageéQ}J[s YeUSeR 2 thé: ¢1a@ gugro- Iﬁ]&'IEOI ng?sn d Brc?éﬂ}t 11§,ven i0n;

#RE OnBaIN8rRAURE 8Epenfitiiee bbRrech IBNE el EhRE hb@tHelkldhgation of the
pre-curved nonlinear stiffness elenent that nay be

nonlmeatdstﬁfnﬁ@gﬁi@msmt)ﬂfﬁé@dlzan t he bouncing micro-mirror
es of the ! £ t r :
?ﬁ(\é ]& S AR ERROS Ig]t of anéﬁgﬁél %Tat %ortg&%g déx%%rchtodgtnﬁﬁor with
bouncefst @ Gdkiepid WEw] B}E td]ﬁﬂiewn eRfsidet wé‘ﬁvn\eﬁlsowl&manbn .of) $iflGview with
12a; FIG 13 shows an enbodi nent of a parallel plate
acmatlcﬁlet uat ed bouncing node mirror wth bouncers: a)
V.
VB B L ShaS ROt RE A fmpotont of
mirror (ﬂ@lc(ea)ﬂﬂ’i ﬁ)bonmoew draved by @ﬁraélﬁhpl@'@)elemmehw @ctuatems an
%% mﬁ oot deé s poUIC ? %EQ rotational
pht APV <f,} fuovigheund ol dfortiede vitar 88 gibpfigent 87 4 rotati
parallel?lngﬂé%cn{aé)d BRBCYE NS RNirrdr Rk vics GHEH pe-ctr® @hlinear stiffness drive
ment of a rotational parallel plate actuated
elementsp (eicisngperio déewriemmbesiziogi a sidwi with seaionupvid (HlowriioedrA before

actormlion: (SR Al B iegen BY sl ROTCHIERC o a

M& OI & s1eRF o8} foPNiiew @hd %@qbérﬁéhﬁvﬂwaefﬂ ﬁﬁbcﬁiﬁlﬁleﬁﬂﬁﬂa planar comb
by electrostatic forces, FIG 16 shows in Vi ew

drive-agthated byuncingraefie wmweaweéﬂ%merﬁ@ﬁ‘feddmaniﬂr a%\%ﬁmé §legnents;
%’id}v $7 %ﬁg%@ta‘ﬁg}hlg? %Hx% %? dThb néggﬁl\é';dg E?igoﬁ‘ fl\%lﬂ% r1]121)-‘%5:(16: pre-

re-curved nonlinear s ness e
curved amﬁhﬂi@lr sdffhedi stementof (aq tdqo wieev off tendevied, r(bptopwwviety of the central

i n-pl ane pr ec)urved, nqQnl i near stlffness el ements: (a)
sectionivgih RTERR B PHOTRRIIA HBW O?g)e PRI PR 0f t he central

$96! 1 ©5hoWstriBhd 5}9%35 @fgﬂ e-Ehrved ABREdGr YiBWsPhednte

mrror section; shows various shapes of
FlL@- Mushosd mdetbiladearbaglimért 0 s setisahenmiFidye aguatedbeymging mode

mlcro-rﬁg%ﬂ%éi;nﬁgbq%gggl gctanecr)gl view, e({3)t erﬁarger%gnb drive actuated

FIGS. 19c-e show yet another embodiment of a vertical comb drive actuated bouncing
mode micro-mirror device according to the present invention;

FIG. 20 shows in cross section various layers of a double-active-layer silicon-on-
insulator (SOI) wafer;

FIG. 21 shows an exemplary process for the fabrication of a bouncing mode micro-

mirror using a double-active-layer SOI wafer.
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“and its JpeHQnRls EChyR

mcro-mrror with bouncers: (a) general view, (b)

enl argenent; FIGS. 19c-e show yet anot her enbodi nent
w@booa/1s@1é i cal conb drive actuated bounci ng NnDBET/IL2006/000657

mcro-mrror device according to the present

i nvention; FIG 20 shows in cross section various

| ayers of a doubl e-active-Ilfayer silicon-oninsul ator

) fer;.Fl 2.1 shaows_.an exenpl.ar r.ocess for .
FRE P20 P iPToRE SSosBURE: WG M B e oftRg) Miroy deviee
implenféatddl ig aalbuble S dlayBitra5) (bY\ahire Bbi@leRAciiMBe Vétita)ofRBt between
isonetric view of an electrostatic tilting mrror
the vertiea}l icembidaiye sotpnandestater Bngpsubl e SO substrate; (b) a
nore detailed view of the vertical offset between the
vertical conb drive rotor and stator fingers. DETAILED
DBEECRIPED ONESER [PREORREF BEREE-PR ENBRREVEEVB AIhBVIBNGSent
i;]nventi on, discloses a tilti ngD bounci ng node )
iDEREESFRT PR aRaistlases aetiling ooRRciag drade JRigro-BYAres fakuses either
an addRiGHP @Eiffﬁés@%&ﬁ&ﬁ"@‘b&hc@r"ﬁ"o‘%'&'IBEé’-&Elv&P DLhIMRAF stiffness element to
stiffness el enent to achiéeve a superior scanning
achievepe shpariva ncaninglperformaiesu Neldte & bomcas swheart ¢antileyer or beam is an

eam is_an element wiih linear .stif.fness have .
clemenf Sl FRGEATIVETy Mo Sth, A BeryY nid yslsgeously hat it
cooper&R@NRFiBH Wi FkdriclindMts Bf Bleh9ttesl (s%@[ﬂoau?fa toRP 8JMhat have a

(specifically a torsion spri ngg that have a different

differenftstiffnaessyelds ajcgmbined Onprlinegr staidiiss plement teffepir eBle bouncing mode
e " . i . . . ac i ..
uses arCuc R pElalEE ool s R0 8 B TR RLAF R AR priciple.
The "bamstingfiode! agruatacihat ectudize thdominmed Boperstal inathe alfaxciting mode
that actuates the mrror_is operated in the ) ..
e areis ufle: | T AP EeSHEE GHITPY Itha [Pispise linear
. C o o
et L e R B DL L oS aRPRF SRS featurs
such agppsmalt sipt enpweightjdew poset and lde beataldsipafiemthigle Seguanbky @gcle with
mal | si.ze, and wei ght.. | ow pawer and, | ow heat . .
fine an@ F%‘“éﬁf?}&f‘fegh?"lﬁﬂoaﬁoﬁ%éfd%ﬂ%%?gg?iﬂr drajpciory fqtmﬁé,nlaw acoustical noise
and mo?€.CAIFA! BestERERAGKIE BlRbFPAdBRinuldibns AP sclibd@@Mmonlinear actuation
tra{ ectory Iintervals, I'ow acoustical noise and nore. A _
and contrp] thrisprovideithe wuncing wedergf tmdpresant|invénsion mAptbe found in
« descrihe,t he nonlinear tuation_and contr.ol .that .. . .
Boundifi? od8 aCrbiReh gt SR RE R 2ERRt W uhes brplisggions” by
V. Krjt¢v faadmlli BarnBufibiigeddsie peblantio® 18 tidre Aldryriglst it Sfuctures,
scanni r]%h.m_cr o-mrror for video_applicatigns" by V.
March PG4, ovhigthig ipsopporgisd k¥ acfermpadarad purrasepigb fartheheardia- i n
r riaf d C Y/: 1 4 | Glrpil S
R RS BU0oPYE UG G L0 ) Elton of 0
propertiesr @i nonlinean rey@ataroThemketsodipanifs the slmpéizaef ag output signal to a

. t ho based on the utilization_ of t roperties of .
feq“lregefﬂ% ﬁfoﬁ éé?m&@% AJTBRE t1*311’h%f 538t et %@Pﬂ?‘@g’ npdheg ishpnengf an input
signal (ggﬁ%ag%;gmsoﬂag@;@ec&ggﬁml).equi red form (for exanple to

gul ar or saw tooth ' form from another shape of
dibeinmpion of a generic nonlinear oscillator, excited for example by a sinusoidal signal,

can be described by the equation:

G+co+ 6" = Asin(arx) 1)
k

where 6, 6 and 4 are respectively the angle and its first and second time derivatives, ¢ and A

are constants, w is the frequency, t is time, and &, represents parameters of nonlinearity.
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signal (for exanple sinusoidal or rectangular). The
noti on of a generic nonlinear oscillator, excited for
wex@apwiby a sinusoi dal signal, can be descriPemiig06/000657
the equation: g +cg+ ekgk =Asw. (wt) (1) k where q, ¢
and g are respectively the angle and its first and
second tinme derivatives, ciand A are constants, wis
) the frequency, t is tipe, and ek represents. paraneters
Since thefGHRAT HRTRGASHIfcRrionis SR TEHLIK 1RGRIFRERROL Toidal and
: L ‘E'bxgn ut signal (if is exists) is not
contamsglﬁﬁlllljégm a(l%lgsgd contai ns higher harnonics: g= ak
si n(kwt) +bkcos(kwt) (2) k The paraneters of
nonlinearity ek can be chosen in such a way that the
0= dpaingsrn) &b cosd@@hi ng t he shape of the output si4dnal ,
¥ nanmely ak , bk take the values resulting in the

T géﬁéﬁt te?!‘ ap %ofﬂfinetaﬁ§' 9‘“&91“%? ShéRa!in s-ﬁHHianﬁ'afgha{t L{ge parameters

resoi frequency | pbssi bl e as well, due _
defmin%:'ﬁglshgfeatg' thyl oftfput Ei?ni}’ﬁirﬁ A B I @RS tHecRlueR redulltinfy HMBE required
as an advantage of conpactnésd, since it is based on

shape 0@ i BEthEt bR TiminEVFTHE rébnaft fidi@ehdyBigepdssible @f well, due to the
di stortions inposes specific requirenents on the ..
nonlinezrity of ghe systest iA {raesduessof dig hmeds B3 rantagep compactness, since 1t

isbasedgﬁed'fil(é‘%elnyem.t he angl e-ti me dependence shoul d be as

B & possSi'bl e to triangular or saw tooth signal.
Fanoiioe of Weritdtge flee ofdgtoridons\isiposdstspecifiotdqdirkments on the angular

velocity Oihe SRHGE doFioh Mot Sprouicel e B Apclsy hog daprfencs Siod be as
close a@?fﬁ%}%g&oit{e}q Y& Sor%@idto i AN IH | Aer %_ﬁfi@é, FhAEARAE veldtty should

tion of notioh of the tilting device
be piecdwise sombemed The drvessionpbf aiguwjar velocithg-d.cdwngd of #gsign at the end of

each ha[f%lelgig i m%olg?zsqygy #bﬁ%(g&é% aﬁ\;/gqﬁgqrrz?[}ogl{s;h‘&!e I%}()%lél!esltt Igagatl%ﬂ%lf $aotion of
the A ASARACOYsi BRR], fQdiapEBL bRehd1REBNE as followe i ntegrate
this equation within the time interval [ti,tj, where

ti is the tine before velocity inversion and t is the
time after the inversion, and obtain H2~H =] Mt)dt (4)

[C:ngm;)e H=l / / 3)

where 6(7)is tilting angle, ¢ is time, J is moment of inertia and M(%) is externally applied

actuating moment. If we integrate this equation within the time interval [1;,£;], where ¢; is the

time before velocity inversion and ¢, is the time after the inversion, and obtain

H,~H = ]M(r)dr “4)

h
where H =1 d%t is angular momentum. Since the angular velocity is constant before and

after inversion, the change in the angular momentum is independent on #;, and 7. In the case in

which H,=-~H,, AH =2H,, the inversion of the velocity can be viewed as an elastic

bouncing event without loss of energy. If |H,|<|H,

, the inversion of velocity is accompanied

by losses and can be viewed as a plastic collision. Note that since we are looking for periodic

motion, in our case the bouncing should be elastic. One observes that the change in momentum
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a , t is angular nmomentum Since the angular velocity
is constant before and after inversion, the change in

WO b@easyué ar nonentum i s i ndependent on tj, anBCT/IL2006/000657
the case in which H2 - HL AH =2H1 the inversion of the
vel ocity can be viewed as an el astic bounci ng event
w t hout Ioss of energy. IfijH2 < HL , the inversion of

vel ocity cconpani ed by | osses. a can be vie
is equal §o BleqheRis! FoRPFERbAn et h e G RRa (e BPBen S PG 1 such a
way tha%‘a{e {ﬂ‘?ergrﬁqb Cqf@ith Qﬂe ch g@LHf &3 Enthie tROHMIINInDRBH hifl sustained.

tic e observes that the change in nomentum s
The moennatant be bhpliddndeirgd V|ery sl’met hngf{pﬂsa-ﬂn&;te);ﬂdéhbfcasm ghe moment

tion Ifth i S I|e in
itself ShPﬁ%ﬁ?en]@Jé%jr Aytterna g%nf weg, necm% ﬁﬁﬂ g agpf?fgﬁjé[h or{gﬁléglme The
longest Q(ﬁ‘hiSQGICCtuH@Yd)I‘QHG bpIfdaBbRion & mdkentRABRtre R tHéelowest admissible
applied during a very short tine (pulse-like), hi this

momenteas enpashé byrsystern requimhfentshoul d be | ar ge.
rnativel ower '
0L T R0RT S0 BB A o o
be syncBRiliiedakit@rhemdtiog dfofienhirndd tier ekeris whieh inwesistplest position

adm ssi bl e nonent are jnposed by systemrequir
control jsrsed dg Hlp@e}éfrlé\?PH]éedeWh@b‘ﬁlP TToRTeaeios qeﬁ%@r@%f?ﬂﬁ“ fﬁ‘ﬁecase this,

the con?ﬁlghxo hi Qg ?qu%ﬁﬁ %%g%ﬂ%&hﬂotb‘? FENRGRT ke dl']f(@ Edhation of

|ono e mrror. e case in whicht
motion sdnd restrifpasintthoformont rol is used, the nonent |s
applied when the mrror reaches a certain angle. In
this case this, the control nonent is a function of
40 the angle and not a function of tine. The equation of
I — gt ;) edii(d@)e re-witten in the form | - -+k¢p)
dr’ mt)+Mq) (5) dt where n(t) is actuating nonment
applied in order to sustain the mrror notion and MQ
is the control nmonment. Since this control nonent is a

where ifa(fzi)l’lﬁtalcﬂﬁu@é nidh€end Bppleedain orderith sastaintthe efifrec tno‘#leh ylnd M(9) is the
vi ewed as nonment of a nonlinear spring whic

control meaeal S@Fﬂ%ﬁhlétcoé'@?]t mPReBig P dgncHionf the argle quYslt el Ffpotively
viewed gg aMHf’nen? 8% RSntidesr %ﬁ;ﬁgl ieh % l?ié~I ldﬂry QeERNARIS BF tﬂtmg This

nci ng. e only erence t e consider ed
loadmngﬁSl& ‘fsbnﬁg"" Bponpietely simbal to Zmzbhanﬁcz[ig)oanémg.dﬁwccb«ﬂy dlfference that

control anism This ch me.can.b al i
the (oRSdeiH LB At 6 Tipes 1S dBRIAE Jing B g ﬁ‘i"é??q métbhoim.  This

schemeac%h YRl AOARAL cAU4T thAOthe ROk tan " ANRY a6 tapplyl 4MRighTdeuai8k Ymoment
speci al properties of the bouncing” node actuat or

during shoethiicentactd gitneof applications in electrical and optical
Vg@%giigeprgﬁ@ﬁgg o% H’l% b%%gigé (r)r{odse a%%jto?aeglal:f)lg racs%fj of applications
in electrical and optical wave-shaping, where the actuator’s payload forced movement (by an
input signal) is transformed into a new shape (e.g. from sinusoidal to a triangular saw tooth)
and frequency. Exemplary applications may include the movement of a micro-mirror so as to
achieve a retinal scan-injection of a video display. The movement of the mirror facilitates a
relatively simple electronic interface between standard video streams into the signaling that
activates the display system. Another application may be in RF devices used, for example, for
generation of various signals by a single element.
The following description uses electrostatic tilting as an exemplary actuation means.
The electrostatically-tilted micro-mirror described herein fulfills the requirements of motion

linearity, high operational frequency and low actuation voltages imposed by laser display
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I nput signal) is transfornmed into a new shape (e.qg.
fromsinusoidal to a triangular saw tooth) and

wo e@gusresy. Exenpl ary applications nmay i ncl udePeha2006/000657
novenent of a micro-mrror so as to achieve a retinal
scan-injection of a video display. The novenent of the
mrror facilitates a relatiuyely sinple electronic

interface hetwe rd video strea to th
apphcafsqn@n H3t ik gnleraipod diat Ve Eottne RS e g peeplaced by
other acRBItloh SR sUBY asiRernih) RRagiR¥L C&Splét%sréemfc%tugmﬁpl e,

or generation of various signhal's by a single el enent.
K& ¥ sovewichgnaizslly pptrioo artugtsg eliwot deovéteaitOcthat yses ngrallel plate

an e r tuati.on neans

clectrosfig At pERTT gk 0 COTPEAE A BRB0A VA GPoaded Py persaAals 04 et
distancd d! frdth! vot ﬁhﬁal[e?%té IRAbEeO306WENDBOSH NRAfdt vhdeh kiEhmirror on a

operational frequency and | ow actuation vol tages
substrate ﬁrﬁ& slede Whﬁ sefatiordofsthe ayimppriouad peis $04. at ajrgtatifn apgle slage to the

C |

contact B s LRSHAS 0 D5 HELLN S5EF RPN et .
306b) isBguR! snlialldﬂ rthati e @ﬁltlabﬂfstamca(tl Uiiei inbarporati6h oB a5 henss one pair of

schematically a prior ?rt tilting m rrcir devi

&

ce. 30
additionah i1 ipetss SEHF| BPURICE i fHic FBS Ph PRI SYF A BPL odge clamped
beams, %Vin@(?ﬂ@&v?&g?gﬂo%ﬁﬁnaf g igor 302 suspended by a
rsion axis at a |stancedfromtvvo par al | el
PIGS.et-¢3 dederibel e ﬁ@&awarmth&ﬁﬂtpaﬂlgampem:bepwd}etennh§IGS 14-19 and

1rror. on a substrate Due to t t ot at |
22 descbf i inSehEgRES SR S S eea S A ety R Ege e amle o
silicon BJ‘ﬁh@&Mﬁﬁéul%Q (SOMMIMENR0&ds86 FIGR 2022 DilRkaae 8ckbmatically the
between a mrror edge 310 and the el ecirode e. g. 306bl)9
steps of 8 srlu:@n MEMS procegsatsed fie frbriqatend paviewretheabedimpReof the bouncing
ncor t| an t 3 pair of additional
mode rrgc(‘r]oflp e‘éllc% P&Fgre(sgoulﬁ{éeen?s in the form of
ERGL 4 kleowey schelatidllle thelgen@baope doliedng modt eniciormirdridesice 400
device is showmm in FIG 14. FI.GS. 4-13 descrl be the
and its pprelinn RFCRIheteadiRgicl the PresewiBemtion) Dedredl0 qommsises in (state a)
[
am1rro114021§{ ?@ggaéﬁg‘?@%g&x fiid ng) g f¥ de%aggpgggﬁg e[ﬁ%dg{':%@uatlon the
mirror ﬁltd: (rotates) rarcsmﬂlaxmmhthrmgli attldxr ar{gﬁ(ﬁ) InvEMB ey end &5 esntrast with
20, 2.1 i]llustrate hermtlcal he steps of a
prior arif .naafﬁrshmep‘i@ S esa o PR PR AL B0 gpreR Lt lements (e..
elastic @H&RfébﬁE Thadfl of REnSHAE! BI&IIYEDGP smﬁgr & E}er LERbed A¥hmRal fstiffness
he present invention. FIG shows schenmatically the

elementscshowptexcmplanbfou GRd 2rode SMBS 'candi 4080 thad ¢ving éntg Gontaeigwith the
its operation principle according to the present
mirror [wheanthe dift apeli @ s damet dhar osess praseiendacentagt angld velye Oc. The

402 suspended_on a fors (tilt) axis 404 above a
folloma&&e»soaﬁsa% of GO bk T %tle% SRSCHHE, alﬁ’h"@ bRynees- (optiag in pairs, the

bouncef Leﬁé t | ve I?r(gfﬂgﬁgﬁ)ﬁ%né&ésahﬁ‘moq&ﬁmﬁe& E}erlméﬁﬁhﬁ fElative to (i.e. on

i"n “cont rast prior art
both siddsrafptik, axd;e404c eWA00 contapted dysthatmitrenétate i q}ancntsaﬁOS' and 408"

invert tﬂ%ﬁ;lé}rgrfe r%é\é%gél{t gcgaﬁlge 8{) neﬁ;é]ctrgqsgg f&?lﬁg sﬁ%w,eas&gﬁgncer lq?IG 5. The
nonhneﬁlo Hifrnea regeﬂe'n{ frﬁ@&soﬂi ?ﬁﬁﬁh’f‘ax SRR eé‘g NQliédd) lifay Be EE@ed and

2 and 18) 408" and 408" that cone into confact” with
optumzledesuch as to achieve a particular characteristic (bouncing effect) in response to an

applied actuation force, using well known rules.
FIG. 5 shows schematically the dependence of the torsion stiffness (moment) M on tilt

angle 8 in the device of FIG. 4. The torsion stiffness is composed of the stiffness of torsion
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mrror when the tilt angle q is larger that sone
prescribed contact angle value qc . The follow ng
walkmeuswion of FIGS. 4-11 refers specifically POI/IL2006/000657
bouncers. Comng in pairs, the bouncers are preferably
(al though not necessarily) positioned synmmetrically
relative to (i.e. on both gsdes of) tilt axis 404.

s 401 T B 5 b e SR e Bl L 5 450 0. e
e kSRS BP0 P STES00, T AU g g TO o e

vs. © cugﬁeb ﬁrﬁcigga{s?sos%%lgﬁc%{tg 28%) FWC%%’a?sa %ﬂi&{l 8,?5?%{ ?@ﬁiﬂ%%ecessary

I ev ar chara

‘for the fobrarii sfghetfaagtihr éipnalesponse to an applied actuation

force, using well known rules. FIG 5 sh
€

ElGhehillusieatey sehematicpllyanation gagss (phexarsss ﬁ? g’?ﬁ 2§y A% showing a
. nt. t4 i: . i . .
e s 91 4 oo 8 s 1 i el P 4. o cn
comprides Bsdtapesnd Srst (4t stngk bétwieke paidt At andridldeBnéd bine seleask tame Trer, 2

second gllgyvp%ggrecl%%?fée&? éoﬁtg g ?fg{]ﬁ fggfméclr é}téla ?%?Z'Esglgsga%a @%ﬁ ﬁ%srt] ‘fo ad stage
betweer? bibisteasd DIRELEESY BYint 0P8R tHeRBWVtMSe (ifl WEHIIVBE mirror is

I hcreases significantly. I's provides a .

not in watast atithathe bppesers the Mimentotatempithyandeesiseangtapb pnguiar velocity

. rmation Qf ;the trj lar. si . (L 1u

that is @%ﬂ‘&ﬁ’&? aﬁ}eybo%%?roaﬁlagﬁgﬁg%rgi &S eé>1<e|c§1 r@%gﬁee " %lt)‘%/alt(gr' ﬁ}% ?){égﬁ energy

stored i8R SdTOMhSIbARNES:iE trangbendd ivfo the kiretit enerky af HeundtorgDuring the
node mrror as in the device of FIG 3. Curve 602

fast staga@ne. wiem B >ty ds: mardriis & cdmst withabe bbeoseend feikibetik energy
and B defined by a release tinme TREL, second sl ow

of the miregds krevsfemmeddorichtistoBhastiaig aefdynefcth pounger.niginge the stiffness of
SLOMaNnd a third fast | oad stage between points C and D

the bougledri ip athichylargen thethe | saffpessmfrthe tpreine agisotheaddgiongl apgle Buax -O¢

which the mrror is not in contact, with the boun e'lit)’
that correspondsrtp ghe Jedermation ff the bonnggripmuchk snalier atéﬁ@tﬂ*ﬂjr’ﬂ ing angle of
thenﬁr}’o?le“i.ty that is determ ned by the bouncer and the

ene provi ded by the actuator. The strain energy

$i suratiatyn tHehmpethtibaalmdddaithe douncng mads frorros ds ilhtstrated en FIGS.

- kinetic eper of the mryor. ring the fast stages
46 and 13 GPHEN TGl TR P IS 28 BHELR SER e e L Reerporates a
contactRYERARIwERAGhE Al REldnCel 28 ONstRnt MG WRJI B304 bbdncing event and an
transfornmed back into the strain energy of the

inversidpoofoetion. Shhehewntin HEi § fthe stiffesss phdelspsiemds angle depsndent.

ger ..that, the stiffness of the,tarsi Xl s e .
Iﬂéi ?ar blh’éﬁatg?l g?eegw%%t e P ‘eé%lg ﬁd% Pydep f%% of a bouncing
mode rBi@iop mPoh @Btadeditien HaluhaRn. Detaill elhyeafolied i MatKyfee and Barnea
total tilting angle of the mrror, QWAXIn sunmary, the
refereneg dhatsinaHatiomisge 2 pieceVise sensiantrin- timsaiwolises pefuatiqyssignal marked by
i | ted:in F -6 a l A is P
Clont 5B PRt f B8 BRI 0 ki ngleime
dependeie e raagelar acloohy s prevedly batstmeFIChe7nillusoatenion the left the

el astic constraint foll d by a bouncing_event and. a
dependeagper fsnnaRahdteaBAICY 8! SOTHIg W PR the fgmetipn (b bouncer.

Starting frobd on5e vA16MN he £RHHRy 4 RHAEE Yunction of the bouncer deformation. This
property is very useful for the control of the mirror frequency and permits the tuning of the

mirror natural frequency in a very large range. As shown by the "Response frequency vs.

voltage" graph in the right box in FIG. 7b, the response resonant frequency may be tuned by
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FIG 7a illustrates the tine history (tilt angle q vs.

time t dependence) of a bouncing node mirror notion
wobicailsmwds by a simul ation. Details nmay be founBCT/IL2066000657

Kryl ov and Barnea reference. The sinulation uses a

pi ecewi se constant-in-tine voltage actuation signal

mar ked by (dotted line) V and applied to the

el ectrodes. . and the result (full, line) is a.triangul.a
vortage SRy, PR oot S i nt b dhdhs ittt HEhEd vottege
permits e htigahizit Goshe flsporisk 6f a Abicid-fabfitdted 8sviQNwithe vidblkignal.

t he dependence of the natural frequency of the mrror

Theorauahty” deff e ratnonse dfovithién BYain tee mamstyathei lingafityoed the rotation

. S Val f i i . oL Unct.ison -of. t
enle I LT 0 EAONEDSIon s B8 BT AL B e v,
and of theeowsiont &xib offthet inérrad MHQr Alr gieascit dirapier dintise 4dhéeved by the

.tuni f the mrror natuyral frequency in a very |arge
hardem%ﬁé e m%b%é[&?ﬂ@%@_y SHENOECTNg ifete yiorpion axis. The natural
frequenP ot 88 miGhARE defindd ?naﬁﬂlg 25)}7 %d Brfien Zg thd Ffz‘tstic bouncer and

response resonant freque e tuned byvoltage
consequently bylthe Ehmatiomivolipgef andés pesteriyt infleppndentoof thbrstffgéss of the

. the.rcontrol of th lied voltage permts the _ . .
torsion &5 Mdor P amBessisohe (A S R i 20red S mihmpay Thisgeyption can
be achieVed b eheMdsitnanasng 864 Hi1ERRd onli B?f iRk hitomerd oft the minimal out-of-

response shown in FIG 7a, nanmely the linearity of the
plane stiffnes ¢fdhe a¥igl e in tine, is defined by the rati o MB/ MIA

L t ncer a of . .
PEL $0R0SHAE 8L WLIIRSBRRle b0l G RN BR Bl By e Pl
of the mimbi edgeap theelacthidey eckulty it e ihaedrrinnte admithis BOMBEE Atiractive
|terpatively by the softening of the torsion axis.

electros’e%ﬁg %?1‘39?% $e F?‘é’:@bé’ﬁ%b‘s%lf N ] theoboupgeroe@fii iHEert Hgi valgeity. The
elastic eli%)!rgtyhs?orgffu?ﬂﬂ%duﬁﬁhrqg thB&ofh At 2 Q%éﬂﬁ%r fg%édacting on the mirror.
e a tadge, and is

consequently by t ctuation vo
The compbiagtidm af lajditinokd peifthest elefnenhend tpafallake phtcobletii@des working in a

. .Jorsi,on axi,s,MIA . This suggests that A has to be )
proximiy R e i e P Sr R tq BeliEd eoea i B lectrostati

actuatorPy the design neans and is |imted only by the
requirenents of the mninmal out-ofplane stiffness of
¥l Spbpws sehematigally yeismother smbpdintentref ©ibeunping wbde¢ ecro-mirror

: SUl.tj C t noent roximty .of .the , ‘
device SRSHLG ASHEBHLEN RERRG MR 1Rt PR Y s 02 anc
902" is aftachBe tRL inir@d T4 IABERNGE to Aldubaedid 966. BRGBESO R biehow mobile, in

forces |ar Heeq%gou h are used to deformthe bouncer and

contrast; i, RAUpCerR i t)p. Winkh ase asleshedeinethy substtrte and impnbile. The
r el )| : C n

v OUT98H AT TS 001 DABIEEELERAN, LALER B o v

fabricate iartban sananidygaasahd mirrl (aige ae hetbterSideer wod RODgubsta®). As in FIG.

proxjmty node permi the achi evenent of very |arge
4, @) SRR o Brigieat s SRR PO LD (B bURGH Sofie) shyws the
mirror n% Besct SEERB LAY 8EL BRAAREereMDOdi ment of a

ounci ng node mcro-mrror device 900 according to the
e d 8 shownindn} schamatiealpl @t aggthéreasiodoment péabooficing mode micro-

i QRURCEI, 392 3B 0% 4 Db 250 RO b0 e v
compris8Pati bt ohdladditional pair of “softer” (relative to the first pair) bouncers 1002' and
1002"'. More pairs of bouncers with varying softness are of course included in the definition of
"at least one additional pair". Bouncers 1002' and 1002" are operative to manage the contact
velocity in order to improve reliability and soften the impact. A stiffness-angle dependence

plot similar to that in FIG. 4 is shown in (b) for this configuration. One can see two added
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contrast to bouncers 408 (FIG 4), which are attached

to the substrate and i mmobil e. The advantage of this
wa@oeovbilga@t i on is a sinpler fabrication procesBCT/HL20@#000657

bouncers 902 can be fabricated in the sane |ayer as

the mrror (e.g. an active Si layer in a SO

substrate). As in FIG 4, (m) shows the mirror before

t ou the substrate throu nger,,and (b
sections gl HI0G I ATORS egReaiate i T ok THE s Shfiob i tat of
the two 38" BEUPGEThebd &actidfh SRRt the (Bpacs casea@;t isQ&dvéry Yet
anot her enbodi nent of a bouncing node m'cromrror

&y i ldeshiayposciematiedhf yefurnmthes remibodsmet] of atbpunhlag mwpde micro-

. C that t I C ise n
mirror e frgpETEEEEbmbifs. & ffed Wo( faf &y RSBy oFRpLplE bouncers
1102. ARadckive kb@uﬂu‘ee 11303 9 defoaned ih@tOQy theMpireorPiitrtsy &f a@cﬁﬁm@ force Py,
with varying softness are of course included in the
which ideppliedtdientlpto flat bdumaat (sge aaddich iCor e, ) piatependBolynefeths mirror

1002' and 1002" are operative to manage the contact
motion. \Iéﬂismrmjzts itan storedae}argem ehergy av therbtluhedsiih iotder anproyofetron-symmetric

saw too%.fgselg%%? an t@_-lrgucg nesﬁa&%}(giolglt{l g§) ezg%s r&fnr%‘e oi{inse%igi e!:tgrrgy of the
mivee §30LHEAY 0 e AR SR RPN 008, a0 0., e

@n@] &{“ﬁ tnindEcti ons.
bomcerfﬁ%@éﬁséegﬁggéh ho E% e“?ﬁ%&@{/ ug/ﬁ%om tg is | ower.
HIG312 3hdws inesat cdilyraadancedthal py@bmmbhtmdmeemnfmea&edt:meﬁt (e.g.a

a. bounci de mcrom,l.0r i,ce 110Q t a r| ses
beam, o Jpizaiey 19 PaE o@ndy Wil rmada i i s, Fouy dved in the
bouncing Héro- rﬁﬂr@l‘ﬁe‘viﬁ%s Bpﬂﬁ‘}ﬁéseﬂﬂigaeﬂtﬁndﬁf‘zﬁé@ﬁ'v@&t el@ﬂleﬁthﬁ the present

mrror but by an additional force which is applied
inventiogii$ axelepentowith at Ipestipne sec(lgn hg‘eng a rm@mo@maj‘@t)e that is not infinite.

dentl of the mrr
ElemenfS Z00LS éar? g ﬁi n, ﬁlécihg%/ way t$ én %uoﬁ cgél}a-mﬁo%?taeéﬁe@ pre- Qurved state,
the dlst@b@betek%eﬂ @B tey Bh@tis LG, & dyck POk 8 isgiRad Svandof P1 rsea@pﬁai to ends
act velocity to zero, since the klnetlc energ

1102 anéflloﬂgfeﬁgth bo incgeasey by awglongatiomlowber the foree r@%ﬁbﬁ%a N@lue P2.
FIG. 12%%1%5%&% s d%&nﬁérgzg eoe*?w#?xe ?%péahgg fordelB. QUG eerion a 1on L of

r'evi ous or e returns its ene
elementt momnhe aifeperﬁieﬁce iy 4 ﬂsﬂwdmﬁgmhedsmtha: Bdrby 1sahxghly0ﬁ<mlmahr and is a
pre-curved nonlinear stiffpess elenent (e.g. .a beam
funetionbqfyth, dnitigh hage ob6iomas 100 GHITE 1 TEDEbIRG I 0 ameR gompletely,
theoretu’fﬂ’%r RenfdvBR282aKSH Yhel §1[§‘;Q1eﬂn DlReoPRMNELD ‘ﬂonlmeanty, the element
m cro-mrror devices of the present [nvention.
charactéﬁphes aIa rcilasd to gloserefitn ideat bemgereJbn tdimensiortsicdra prs-carved element

of the pESFURRYFR PR PS SRR o Brieve op e Haracterisic

(bounciff @ff@é«t? \I@qeépﬁné‘éiﬁdqaﬁl appled fate.l Mnpler@dt@iond!of element 1200 as a
(non-stresseéed) pre-curved state, the distance between

nonlinerisgffnogs e@@t pre shownAn thersyatemsip FIGS &bkt i ng val ue of
ﬁIG 3 SEQ‘Q?L t1§)0 erlll%svl?lv} %d v\%é%%% %& gﬁg{)%unlé}q ah%%raléel plate

I NCreases onga I on

actuated/bdmllemlg&no&d ﬁlrrdrz(ﬂ)ewdé Mrmﬁmcmhes Beprefaboendsy) WEEE present
the applied force P and the el ongation L of el ement

mventmrmne%t% paFgenides gnbe¢iment bRparest the censept glopa insFIG. 9.
Device Iff’,(gf]!:&nﬂ%% aGRor 4382 'sfudled in an XY plane and connected by two torsion

bars 1304' and 1304" to a substrate 1306. Mirror 1302 is rendered electrically conductive (e.g.
by a deposited metallization) so that it can be pulled into the -Z direction by one of two

electrodes 1308' and 1308" located in a lower XY plane (below and separate from the mirror
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function of the initial shape of elenent 1200. In
order to straighten the elenent conpletely, a
wo bwoenawical |y infinite force needs to be appl PEOIL2Du#000657
to its high nonlinearity, the elenent characteristics
are close to those of an ideal bouncer. The di nensions
of a pre-curved el enent of 16 he present invention may

plane). BRuied Aol REHRE SorbBive ok Foai rsckal S rorrie %%éé‘i%%d 1310" tha

are ﬁxear?ypédrﬁgcté& k§ @ndllﬁ%&'ﬁ%ﬁbﬂf part Of 16 QARNLa ty 29 t88icR bars 1304,
nonlinear stiffness el enment” are shown in the Systens

Beams {I31(%| @8 138" Ferve-las impBcets howlinean stiyess springd. demieanl 3 further

om0 0 0 PSP B 00 8 oo o i

when theRired Qcﬁat@@ékﬂﬁﬁi Rrioobne 4364, Bf cohbeting Qﬁﬁfgtbehﬂl‘é g810.dA essence,
connected to a mrror. This errbodl ment | ements the

the bou@@m@ﬁ iserbaainent medeams cppnacted 2t gng)e ¢ Brgor{or to the torsion
d n
b of Gt o 4 080 15 HLARSANEBOSEA Il oo
bmldm@vh]b I‘eﬂd&rgjl&&? eventuatlydeveasesehe atirror adthtjonc bowheirg i dacke . The location
a deposited netallizatio hat .it an be pull.ed .
of the bpRRG™ (PSD ZOREEERLD Bt ‘B GG oy 8 CBliBEAeF gagtre dBomtmor a high
rotatlonad'ﬁ%lel mr%én%?stcﬁQhé Bred ok@&ﬁﬁct%%ﬁ?é&%a&@QBWaﬂ‘ﬁoppers 1312 are

separate Tromthe mrrorplane). Device 1300 further
shown mokigiS. dés(chend ERSFIGnS (pathowsfa smrmgrigaamemtlsm@n cemidct with a

" are fixedl onnect t and A .
stopper FIEL 13l ho B worisk e SRR SPLGE: i fBPRy LRy pending of he
beam ddrdiifconBRANEEhIWA a ﬁj%l}i&éb%%e@%ﬁ%yﬂﬁorllmﬁhoﬂlpﬂﬂpbm&ﬂy

stitfness springs. vice 1300 further conmprises at

FKast4 shewpanre odgm@ﬁp@ﬁ § maor deyige 1400 withhaf; legstopne pair of
bouncextshgaggé/ {ed Sg) PAI ar ) %{BQO&) é"@%ula{be}md b4 dh%l‘?tbg a%agallel plate

i‘on contacting spri
electrosial%ﬂ:chctdalmwS(a}i tpevieth ) bmdr(c)a issmiefic tvidves @RE0 d]loﬁg tseatien A-A of

ans, connected, at one endtoth mirr t h )
FIG. 14@ i empadingt tma@elﬁpmﬁ &9 conget ShewR g&ﬁé Mfr@ Ppigeone pair of
spring beafhsISHBHE E‘xdfb dng Ugﬁﬂ{xcﬁ&h Mt hdRrsRloARBR! twolbH th&lleNDrings with

up energy t y reverses the mrror
different cstlﬁhess rt;hatalotensmasgnay bb atthchefih@n paicgtto dhe sfibstate on each side, as

N R TN —
by at legé'ilo%é ?ﬁﬁ%‘f‘ kétsioh bbals MEPLS SL%%{}BQQMOQ% e RRNP (131%]499, page)
oppers 1312 are shown in FIGS. c) and (d).

dlrectmﬁ |b& ongf tyo shgimdea léb% Ag18k dorateddn aul@,wq:rdt-y ipfene daeacthe mirror
rotates %H?l%a %QM {) fﬁé %tg 6%%3 atil%e%g%nes %%g&%ﬁ%ﬂé‘ﬁ%?ﬁﬁ%@ag@g%?@ substrate

1406 attE ieN@Gtro@nieaslt (plamc Wieh hivré tl’mngjﬂeyoeama;g gﬁé&;te@dh ey may have
for illustrati on purposes only. FIG 14 shows

differeng glastic pronertiss. for fﬁﬁ thg some £1053 GeFtign HHt élffere@akepg@n as shown in

rc. 18541750 APRSEARHE OSSR b, oBpEesl Ot in i

embodifleatthedrhdihp beantisifkedly attheljedtad poy Iem&vto (hb)substrhtd mptead of to the
vvstaken on A-A f FI.G

ic vi i
mirror. If@e d5 hecip of %Bﬂﬂ%ﬁ?ﬂwg ienBil Presesd B3 B f@wn i n
(95{. 3 h¥ev?B8d BAY) i¥maR! 1188 H&RBodirfert RPWota
ﬁ] ( )éhé)% %gﬁ),tgglvtehough [ |ls IIllmderlst ood t hat %V\/O or otational
parallelmiate astuated douméing mode mirror device 1500 with pre-curved nonlinear stiffness
elements. This embodiment makes use of pre-curved C-shape elements of the type shown in
FIG. 12 and FIG. 18a. Device 1500 comprises a mirror 1502, in this case rectangular but in

general of any regular symmetric shape (for example round). Mirror 1502 is situated in an XY
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different stiffness characteristics may be attached

(in pairs) to the substrate on each side, as shown
wex@apbeé |y in FIG 14(a). Device 1400 conpriBEBIIR2006/000657

mrror 1402 in plane x-y connected by at |east one

pair of torsion beans 1404 to a substrate 1406, and

pulled in - z (into the page) di rection by one of two

el ectrodes 1410a,. 1410b cat.ed. i
plane am&%mecm%gy P fgpion éﬁrétlégg 11%0 fa ¥ #qrﬁm% forsion axis

t
1505 atﬁj%s i ealcﬁaﬁtele‘%gﬁoxﬁﬁgk gllgaect ik 017401112tobhﬁ a éu%st?alté‘m ljé%ce 1500

trate 1406 at t de level (plane).
further mmpru;dsatwoqrws toé ahorit Soffistdbeaszc s 19a s nhdy 0dhcans 1510b and 1510%

wich g JELEh ShRSLLS: B RSLLEES, ST EEIRLSHLAS) ABBe, e secin
A-A vidd Gﬁ)FIGTm.g(t Elwe%ffséﬁﬁém &e tr@s@e@tw dﬁ@@m@ﬂ@d U c;@fst one pair (in

er words in this enmb nent the bend |ng
this casbetm pairs) iof eeforablyt Q@hwdaﬁpn@géveém@ 15424 jgad éﬁb%‘i»raé’ldelﬂ% and

1512¢ nStbﬁg-gteOIS(fso gel Fce”lsrdo%r%@% ghke%fa ggle%%&vﬁ@ﬁlsgg?.and 1520b

I'STShown ™ 1'n
located Hefow e Siv@ws Note {ta) id pﬁncapkewharad lea@t (ﬁlb:) pals ofré?r—shapad vad more

an enbodi nent of a rotatjonal _parall
generallyopie-C Wy D RS FRYCOREpisg gnl nly disery ﬁiz i“éia {gifetpidhna 15124,
1512a %;H]e!l%#ﬁ%rsiglfﬂ (§§5 ce'ﬁ@t s (dPhsi B ﬂﬁ'&eﬁde views of

re curve ape e enents 0O t e type shown
sectioni A-£El @) shdwaribe E)- ﬁap&@beazﬁxe\bebee Uefdmetmpbly sbs electrostatic force,

or .1502 this case rectangul ar but in general
while @Sf li"ﬁw t}feérbﬁqt%de%??ﬁé?l?l c shape (for exanple round).
M/l'ién%e 188r bid Shd SRhE dldcioddd fsmla@aeheagéh @maﬁpbﬁa gpritg beams
a

two torsion bars 1504' and 1504" ali | ong
1512 (wﬁmwmtmﬁf lsngthxd)syieo 5 matheah éwsglgetbé rrOtaﬁméIO«f\ﬁbﬁ pyfer in the

opposﬁ%%%rgt? é?‘% g(ﬁ 2R s"l%oﬁifané CEH)?E rﬁll léq%o %LF \f%xe &ralghtemng,

es two palrs 0

the C- hpaRB He'iﬂﬁaheaz@da Lﬁﬂiﬁﬁng&pﬁb hSﬂIi?lbea.al’Uh&af%fbﬂsucsV\quﬁiﬂechﬁle order to
|l ocated in a lower part of the mrror, at an offset b

producg poprnng sfecrlf icemphasized dbatithe Cashady Seiipgsarepegd for example
only, mgcmaiegg@ reQdubain o?ﬁﬁé%ﬁﬁfﬁe&ee?aﬁ&{té Nio éfxmwgﬁgebg -shape or

ne pair I's case two pair
Z~shapp el e ahuallyGissfid fredhes purpoges setafiosth hbkda and 1512d, and

3‘?2 f nd 151 to subsé te 1508.. Devi ce, 1500 fl%rtrler b
&fp § 1080“(1?"(‘5&% Q%BG%HICY%‘BH‘{"@S‘QF’&QO [ igigr com
dr1ve-a5ﬁ§teﬁ1tfohﬁ€m% s ﬁl'ﬁ?&' dVidd 1600 iR ﬁr@-%uﬁftedlr%ﬁﬁﬁea? NG ffness drive

pai r of aped (and nore generally "pre-curved")
elementsemte:chyy planpr cemb alivgs.Heewies 1600 haneldmests A602 16 UBE0 identical

it A St 09 530, 5, PR 18435 o oo

bars 16‘04Aan& d603 " QIEvatibigs ﬁSM"%ﬂleM& u&@ﬁ r p608¢ 288 TBbI ®irs of short
the electrostatic force, 2 shows them after
"offset"d%q‘a@wrﬂ&tm@ﬁn d ¥6dd. mélﬁﬁqbraéxd lédﬂcméeéﬂn £ e pagkof drempirror, at

an oftsfR Bl BB s, (136, e R G0 D A ity bihocted by

two pakr©bBpreffatdy O—élﬁgéﬂ sprivg beﬁm& hGlZwm&BlﬁlﬁddaﬂcBIﬂIIZbrand 1612¢ to two
around torsion bars 1504 and comrgn axi.s 1505. Pge to

planar ¢¢yab drivareiptseidil iy and Ael4h thaphaveq Bedifrstiomgegrge of freedom by their
connecfibh td Sbbiéte 1 ¥RFHRALY r&%ﬁﬁng:ﬁ‘é%@ﬁ&-ﬁ{gk 3636 5n paBYerEd 1

When a comb drive stator 1624a with teeth 1620 and a comb drive rotor 1614a with
teeth 1616 are charged through electrical conductors 1630a and 1632a, the eccentric pull (with
eccentricity length b) yields a counter-clockwise rotation moment of mirror 1602 around

torsion bars 1604. Comb drive stator 1618b and comb drive rotor 1614b yield similarly a
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produce a-"bouncing effect". It is enphasized that the
C-shape springs are used for exanple only, and that
w@rtwen3pPie- curved nonlinear stiffness el ement spPCT/ar2006/000657
exanpl e V- shape, S-shape or Z-shape may be equally
useful for the purposes set forth herein. FIG 16
shows in (a) top view and (b) isoneric view an
r.conb drive-actuat ed boun

nbodi.nent. .of a pl ana
clockwise deiaign Pﬁ @reaf?ledbswrfaqbw AV e RO HEgess designed to
transfox%d kel ReSamelti 1)4@11(,%39&5%300?195 Hal&dinay 2Rk QP%nongﬁp.nt of the mirror

drives. Device 1600 "has elements 1602 to 1
@ouncmg effem; at 1swrrtplhame<sbtée‘t the €-gapereprings bEOBsetl dor&ktplaonly, and that
other s nj | ude 2 m rrorle th twg or si 02_ Bars b
teigtpoh Jinge Ripesh Flalfity R G e TN
equally L6&¥81 fod dmmposl@agét:fomh@femrt ‘of fset” beams 1610a and
161Cd 1610b and 1610c | ocated in a | ower part of
PK&» 1 ehadrs, ansithes prdsmentiofi 4 plneheomb piriyen fhegecipg n@de mirror

device %‘ﬁﬁ) wit ﬂ?pg L3 gr 3 %@gcgﬁoﬁ%%mr &i%ﬁaggg LMGh Mtsbgg efz%%yg% the entire

pairs Shaped spring

device, ¥b@. H.’H:lﬂﬂbwsanvhcikﬁr]fafceaﬂ thel ¥ ldection biding frdras palil force in the X
.. dr] ]i\i,g rotors 1614a and 1614b t hat hav&@a Y-direction
dlrectwaeg el 75rshpvia dbpi s @yrw@mrm%ﬁwee&m JosifsPpatesults from the

force d&@%e& BLOHPMC1RbAL AP °&ﬁ&9ﬁ@ﬁhﬁg’§g gl}]egj&ggnmcﬂy b

When a conb drive s ato 1624a t eet
of this ﬁmwb@kﬂwéo rtot trsid’ bam. Meviee (1500 Iaoszﬁﬂzﬁesaar michiat Packituated in an

XY plai o € GEby G ioioR b IAPT oA P Ghsis) et fGumon torsion

axis in G0 B0 HRECtDhAE K\WuBRrakd1 0L ThHe RN pRfledby 18K erk8930a and 1730b to
around torsion bars 1604. Conb drive stator 1618b and

the X (anshbX i dire@dionither theaugh § pair @f sirviel] diepyps 4506 kod é,é06b (by forces
t h
t70sn G IDAERSL IS, BLEY BT 1130 SR 1700 DGR, 4R 4T 17000

curved ibealis Uy biprdebel 7086 1008 dv esspedtivelyd. Winea Eull&i{ ebsafls P06 have a

CE rror niouncm effect It is, enphasized that
combingd,getieng Wrrﬁgé Pee a@@a (Permpwiths @rwsed-step alme [see 1802b

in Fig. ig taﬂ%ﬁce%hﬁgdg@ cﬁ%ﬁnéhe' 33 his %&Je&ape ,ﬁb‘%ggﬂ Sertic ?lrforce vector

e V- ape or € eq Gal
effect. Iuaédﬂnbn,fthc ph]iuﬁg plﬁapopmmts @mrﬁ)ﬁcmﬂ\redhbeeemmcreﬁbﬁ fokde (e g. 1708by)

in planeb%f}&%}aﬁ1 a0t 8alre]tpn? %Ip{{ﬁ@g tg@e%;;eg%y? & S?M a#;peotﬂer words, the Y

directioR ff&‘c@ %é’c@ﬁs REGdnARCR the 7l difdass b |aecH§£Ec% ‘bHGhe Idi8tion axis 1704,
shows the entire device, FIG b shows a vector force

creating gtorghenay mginteat ejopnd d‘telrgtahgnﬁm@m a puI I | ng force in the

7c_ sho t afd_qn ment
X AREE 2% s 0P bR B R RO B TR B s o
1rect10ﬁi av@e@ peftestiogn A0t i Ex Qa0 AR fier %§azﬁ>i|'~7134“ TR akfer(Himii8 connected
i nation with the eccentnmti:7 of this force

to two ITOBI'B%W dexges h3q enchpisd tarbstrame T 1deat Prde 1 8¥hpie et and stator
ane and connected by
are Cha%kv\%gfgor%dlzlgﬁr ar saatfggzﬁﬂ réasg @8& aligned along a
EItﬁ}mIﬁnsltcstsvaxra)ua>sihspelsrbﬁxktgxl%ﬁeaﬂ‘lOI stiffiebObednds thas lmidls/t beatiged in the
rivers 1730a and 1730b
cmbodigigiy r?éﬁﬁ% 16, dﬁlfg@ﬁ clorle et Fhpfigated 19ap C-ghaped beam
1802 shbWhf th)PRRgE sﬁ%@@ Be RN 9804 SRR Y(bS, A ¥ &Baped beam 1806 shown in (c)
and a Z-shaped beams 1808 shown in (d). In each such beam, the application of a force (shown

by arrows) changes the beam curvature and shape, from a state a' to a state b' (shown for

simplicity only for the C and S-shaped curves as 1802 a', a" and 1804 a', a").
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1708a and 1708b respectively) or by drivers 1730c and
173Qd through a pair 1706c and 1706d curved beans (by

wo 000643191708c, 1708d respectively). Wien pul | ePCT/D2806000657
1706 have a conbi ned action of a nonlinear stiffness
el ement (beanm) with a curved-step shape [see 1802b in
Fig. 18] with an eccentriciiy distance "a' . This

FIG oot IR of Vercat Cominiys s et bospeisg e micro-
mirror BRAFB19Y0ERIESI B ghe{wg &n (Sorfericl i@RDWhilk F1g! @Wsﬁ@@st Jb%te) details of

is vertical to the pulling force vector (e.g.
that viepn BQ\h@r 1908 rcampris¢se irgdrr IO iconnefctadghbrovgh taysion spnngs (axis) 1904

c he Z di.r b di st
to & 1R 190 3 Sich o G iR o8 it B R S0, v
togethet RAtH Bdspédtian taeth 1916\ fAfrhV@im @ride r@%@@aﬁhel ASHicdasthdr comprises
rotor 1732 ﬁi@l |l ed by a _stator -1750. The rotor has a

stator cpiilty de¥$sohd gt? ekorofimplisiiyl omisaset € i shpvRas FIG-alob. In use, the
o578 BEATIHEF 00 PR el BCRUBET0S fytgost o

respectla’e srmmis 12]7488and'[1%4b Gﬂames amlrzltlsrt af the mir®r afvand esksioy axes 1904. To

reverse\glgrggtgq%g %éx%g ga%g% ig&% el vq}gcg]%g c%ﬁ%;gﬁﬁ?ads 1925c,
1925d @1? sta&Rd 19Tud He m’@@d'm%ﬁ)rﬂheﬁ{s%es isré: iikfégedatﬂﬁ gﬂ 3 conductlve

These include (but are not imted t shape
pad 192778 e vi¢rolA90; furtiercompainesSit lwawmjpeme&ﬁbo];a&@gsmmbeams 1916 a, b

s rd Qe ADRRET, RSP0 AP B8 o PP i,

Additicapipdais @ bendMg Srings ceeg (916 dPihaf bk @bEnectaan 96er hss 1908c, d
beam curvature and shape, froma state a' to a state

When the migpiowsotpise agqq%tp@mnyw@ﬁl%% bramhEI16 comtrctstgnpgretnot shown,
F 1

o oo GUYELAARER, ol ol Bheog B ko By g

bounciﬂgoaffﬁc't g pmnci@lemlr&ramratlbﬁrand ®ouecng et uh_-tlﬁ‘s erhBedigleogre similar

c vie FIG 19h shows sone details of
to thosetqf e WE%L \gg 1@%616 k@dﬁsﬁmri%gngﬁqq]‘ supsgiantiadigabove a release hole
1929 connect ed through torsion springs (axis) 1904 to a
| ayer 1906 in which the mrror is fabricated. The
F@3.09¢ckhshofmoyat anotimsr amb@ﬁmdnt ofd Uh‘titadg:@tﬂbedn\mi dckuated bouncing

mode T3PBEN e ke ta L8 BREOT ol oo et s o st
of statib@dry SEERk) Sbhls Qaat»sr)s Bhe dﬁm&o‘hlﬂfg’\@s 'anbd:dn@}nglﬁgchah&m FIG. 19¢

use, the activation of conb drive rotors 1908a and
shows a mixge-miop defrice BduTith adirpiaags of 9a®as h?ﬁ% lmgez@blrnﬁhe bottom device

layer (s%«ﬁgag&/t"sé(c%nﬁ LR d1§1¥ o?éﬁ@?ﬁg%eégﬁg%i&% o\g gfa?}gnary s?ator combs

mrror aroun

1954 1salfcrrmetilmntheaq:p‘er devive layer qsee bEOAC "@nd adiBR8Hyar"e2002, FIG. 20).
activate conductive pads 1925c, 1925d on stators

Movabl Gaigg camis iﬁiﬁare ed & diessaniopiany (faist agtve dpyarlyBih the second
stator c&ﬁﬁé’ﬂfm ﬁd%ﬂfé’ﬁﬁﬁéfﬂ%@d 1927. Device 1900 further

nprises at [ east one pair of bouncing spring beans
AQEBO\&I; ibFIGfatl 9daad d @anbe ekdiresstic fo@cea(mc&ﬁm):ﬁpphed to the mirror

by stetog geapy S0 D5eihe SIBPY SO ioRAG I AnHlgLe el licBiesth. Whemghe miror
is in thdBYx Pl GARB§6LiBHN [ Be tRbPEoRbd BiLROBH thg ‘mirror are located within the

area of bottom layer stationary combs 1952 (right side of FIG. 19d). On the opposite side of a

mirror axis 1960, the movable combs are levitated in such a way that they are located just
above or with some overlap with the upper device layer (i.e. with stator combs 1954, see left

side of FIG. 19d). The additional set of stationary combs 1954 etched in the upper device layer
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When the mrror is rotated around torsion axis 1904,
beans 1916 contact stoppers (not shown, but | ocated
wo coocaseanpl e on the handle | ayer) at the end OPCT/HE006/000657
mrror rotation, causing the bouncing effect. In
principle, the operation and bouncing effect in this
enbodi nent are simlar to tfhose of the enbodi nent in
13. .-The mrror .is situated substantially above

scts now gf g SSRA{EF T Beessn A0 ATSHAT jrete ity opposite o the tilt

of the BIFRHHERNhe Bfirdr M8HILE ﬁlaxﬁﬁﬂthngfe' Yoithal FiSHoReMNE G0 a high
mode m cro-mrror device according to the present

angularjagoelptation of The mimeboeticssant fusths achisveretry affthe t@drigolearsignal. In

. tatoer) co (stat@r),..one functioni.ng as ounci.n
wadiciorgl fffel R S R BibuO AP0 e B 35 o7 oBF 10860 engte
positionMidlcdnbd &8 locall fBf oRbiat OF sheldtamdb hRg ah&dpplitatibie oPelBShent in

devi ce |l.ayer (see below "second active |ayer" 2006

the oppesits dipagfion pequaeb Iy Jigh voltageatin shapspset anvsntien he "dable active

i nf i Vi e €. el "first .
eyer s OREREL o B RER 8 Bl LT PRy U Ml e o
a linear aargefoditiecbmpiett hvyveawrt. pl ane (first active layer) with

Fabri t he second stator conbs 1954 and with a mrror 1958.
ab”c%%""sﬁiﬂﬁﬁssi n FIGS. 19d and 19e5 the el ectrostatic force

RO TBRF)-nARRKT & HO hARMdA" udYe $hat 9?1 0\9{{’9% f&rRd or fused
tilts the mrror up to a maxi mal angle (e.g. 10
togethew) ey Séd syafenfrarded hefused toor raguldarBi wadernenisied 2 speglag double-active-
sition, the rotaor, copbs attached.to the mrrgr are .
tayer SPF Safert A oA Pk S BHOR 5y B PRSI e Gfdpd icro-mirror
using a 86iHIS-adelafdr WiTtwaAkLS sRéwi idF1G.9@) . On the opposite

side of a mrror axis 1960, the novable combs are

Inzgptivel s dhe presané vantien usep at dowhdg-aefive-lpyrs 4 804 wafkstin an accurate
. i ' t dewvi ce | ayer
iS40 3ATFRHE AR gl e MAABT AR Bl AL o e
initial hd@idhaskTdieh, asldésciibebin FIGL 20f The aidre aevsuyat€ tHElisod88dg steps and the

) etched in the upper device | ayeracts now as a_bquncing
ahgnmeﬁégﬁafﬁ?% E—mfgﬁmaeaﬁhs S\W BepperaTien fimctipraliy plibe figal devices.
PRPOSY bfowLa Ir egeh*aﬁoﬂfoﬂtﬁg if?i‘ti‘éq_ﬁs’SuHMlg&ivtenEYép %(51%\73&? prior to
in the maxi mal” angl e position. IS nonent 1eads to a
processingg W erfimira shawsce fiest attivnlagér 2002, pifirstoacmdaslagery200d4) 2 second

. t he i evenent, of .Lhe tria ar sj.gnal.. In .
active 1o{G b, 2 RO R s heiah iy ed 0B CoRb PGl st Biss 20 Uhernd @ third
sacrificitNRiy8i 20120 ThirddactiR@alMmye BRI 1238 k& ﬂ?%hﬁérﬁﬁ‘xg thE8reS O HRS will be

are |ocated far outside of the conb area an

removed ppfermgath ghe afirrohendrgg@ators. n Thethrpepegiicanddétor daviersn first active

qui i ' I ek resent ij.nuvent.
oy 2SULER 50 13088, APk A5 L SEEBI DRl o o
another biy@ayees eSsiati ficiabaueahingiliebh dtdxidd) O Firktachfidiadayer 2004 is located
between?rfgm ributing to a |jinear range of the corrr;l ete

g disemnd seeomd iaels laHerpy dessonmhuctiieipllayien 208 és logated between
e s M RELYGEL A0, B IBIA BRI R oo o
few tensveffeicrorsr usi ng a speci al doubl e-acti vel ayer

FIG. 21 (steps a- y) shows details of a process used for fabricating a bouncing mode
electrostatic tilting micro-mirror using the wafer construction shown in FIG. 20. The process
begins in (a) with deposition of a blank metal layer 2102. The metal is then patterned in (b)
using a photoresist mask 2104 and a wet etch is used in (¢) to form a mirror metal 2106 and
electrical contact pads 2108 for the electrostatic actuator’s rotor fingers. A low-pressure

chemical vapor deposition (LPCVD) silicon dioxide layer 2110 is then deposited over the
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SO wafer. An exenplary fabrication process of a
bounci ng node tilting mcro-mrror using a
walombl1ewact i ve- | ayer SO wafer is shown in Fl @CROL2006/000657
I nventively, the present invention uses a
"doubl e-active-layer” SO wafer in an accurate
fabrl cati on process that does not require wafer

di.n |de IL ned .to the
meral B QPind PRind S bRl 18R GeRle el ogotoptyge meta and
to forfiQy IRr@ ek fdrathé Bigicos @&ﬁ@qm@s STRPExiap thyeh ) Bk PRMBINA and etched
bet ween Ia%fr features, the higher the precision

in (e)f dhe tragids Fligpedfovenand iarphiotagesist daver 2t125is piteniedwn The backside in
it | ve I I

0 wSPERET S8 ) 00, AR A Y e

etcthC(RHB)elﬂ a@yeand &&2phcﬁolf3$1l§15is sspreldf dndl @hewayger 21AQ4% photoresist is

deposrﬁyg ggtgﬁq\ég@!q&ﬁuggt( afll? %ﬁg%&gﬁ@gﬁ%g Jlgsgétglledl f%¥ (zrsecond time
using Istl?& fefvio%lgrlr ARVRI ﬁl%lt esis) fifle %%Bgthafté Gd ﬁﬁn % fld ¢#h2 deep RIE

sed f patterhing the areas t e renoved
(DRIB) pdeqene tit mt}tﬂml aieptharf Andicaatsuiat({r SFEIGTRE (k)hemeg(l) show respectlvely

e S BAELRT RS 5L BELL NS VL 200, oTRCEN. e

Resisti230b & ﬁﬂteﬁe@rﬁh‘{ﬁﬁ AOhB aibddtd B¥ehed M ( %{d%fmm@hmﬂ the second
material (silicon dioxide). First sacrl icial layer

Sacrlﬁgl@blwﬁ% iy rrechedd bhe weasnd tsherifidialslayermia @@mdrmlﬂad&lee (0), and the
008 |
RIE LY Fie TR BRI A6 Wi sl 8FR e 210,

the whie s atippade ovary egalmdhaptemauy hilededess aOEaIﬁef eVif§02830.  Also
of m crons, (steps.a- shows

hlghh%l“é?da?l%ﬁ%ba% rehse @32 @%@H’dﬂ’é ﬁtepaiaf Dheh ﬂé“af%éw@r mgvement. A
2o 184 D5 LG50 B P T i v

layer ibg@ghretchied with) DRIR tntd eposscondsacdficial 1alyemk remehai inl(@y €1 FIG. 21(u),

e sB0SP AR ST B PRl Db SS9 B yo g s

halfmfgoﬁ@ dypitdll 212125 RicRins 2 i6ud theClR6hd iakale t@%’é} ?I nvpa%‘t this point

foor t el ectrostatic actuator's ro gers
photoreggi loyrstldfeis shrinpied and ialpBIE dtqhas iused o ¢icP@uD) thei fiist amd second
oL ol TR0 I Qi B A RRRSbEE, &/ Gop bS] o BB e e,

FIG. 2069 0thb @ttiet WaﬁHrQi Redoved eromeﬂlalbaamdé & theward, M rehfEras Wiced and
for the silicon active layers. The oxide layer is then

the sagefi¢ial fayarsarsdong shddthenderopitedr A@ GNP eoxifles heid ppasly are etched in
, p r ned t
o Bl R, APV S5E nd BUSRAHIZ AR B ARHAR e A, s
fingerg 21146d asdoritréd 2150 cah&geenone&:l@iﬂ@'meén WAl the BIFCdtéhes tlhleirst sacrificial
| E) and t photoresist is strip

chi
layer, Siecresont g 14a b S ictions 2i# o SUntined sndepesh ferapgingers £l
away 1P&th &Y R8kel Batkdbh: thé Ba ‘%Hin ife third sacrificial layer

Is etched for a secon usi ng the previously
thet lawré@npiwﬁdwedswbsw faﬁfﬁﬂatwﬂhstfmamaiom)ﬂahﬁmgﬂarmtbut signal for

a Scangglgn@gr%n@%] gftlh% ;iew Es)dayg ragscueéy (i tﬁg lé}%g{)vog %ret-cr:]urc\)lcfed nonlinear
stiffne§se SleRehf) e ihg! B%‘c@ﬁféi‘ssh&ﬁlrﬁﬁ]ﬁ’@ {1§Sth§tca§€e b Qhes'b{)‘n&b%? & combined

and anot her layer of photoresist 2116 bei ng app
nonlinear stiffness with the rest of the system). The dependence of resonant frequency on the
signal amplitude (and therefore voltage) permits its tuning in a very large range. In a parallel
plate actuated embodiment, the mirror can be very close to an electrode when it contacts the

bouncer without exhibiting pull-in, since the stiffness of the bouncer is very high. The
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Resi st 2116 is patterned in (m, and the substrate is
etched in (n) using DRIE until the second sacrifici al
wo 20061131936 r eached. The second sacrificial | ayerPCT/BE.2006/000657
etched with RIRE in (0), and the DRIE is conpl eted when
both the second and third sacrificial layers are
reached. In FIG 21(q), the,wafer is flipped over
agai n_and optionally placed on a carrier wafer 2130.
proximify 96 thiegele¢ttdeepermifs tohdevsherk verx Harge 2foasesf dherelbunper transfers

t r
ot RicfRp i€ orp b B th¥es o CRERTT kil grvepypy pulses
Electroaadcsnﬁm%nﬁmem@winmed ) a ddbblefSOdubaahtere | ayer is

h DRIE until the second sacrl ficial

Tl}eaQ%‘FblF sohEadnEy SN pybstratenofFES. 30 ppay betaleo dwstively used to
fabricat® %grﬁré s%('j a%%flegatlllgﬁd gﬁ)fﬁ%g?q %&&os{&tﬁ tﬂ@ngﬂé E{ﬁ%%‘i Thcluding a

mirror mlthouh s, bbhrang hnedhenisme crsd cleatly véeskdlyer in NUSvProvAional Patent

spplictigh oL PORSENG GBI, Sarcth e (it & oo b ggoy eference.

The nltﬁg%échhﬁb@usés%’e@ﬁ@al @&%b e etheiRe BP%%bléeicﬁve layer SOI wafer
maskl ess pl aces, as shown in (w). In the final st

enables W@CCBIP(t@(fabHChT@OmW¢S§rth&Taﬁ@S nat requitsy wdfer rhondmge The backside

ctches fE G the Il MRl A0 B B aRBET v et o F1G. 21
The moeXhél@rdianitt pmsdssingltepsta@bale aRghiet Metwisthi Iay@CfbMeHlﬁ)scessanly

At this point the rotor fingers 2142 and bouncer
meanmgbffr.mamﬂaﬁmcg%%WOfﬁhﬁé@@ i%8, and mirror 2150 can

Al rg%gtrﬁl | ¥ 58 !Eﬁtrgsscaﬁ@ all hli;c tﬁ%u%‘le ?e\%t@ 25h6 sﬂnglemented in a

rcial [ayer, e secon er “sect
double QQOUBstratk is ﬂmmnﬁd'" IGn2iz Teatide 2200 d0ﬁtp01t$e§ mageelsmbsat in common
or, fi.n The

ce bet ween 't he, st S
with defHE 1200 BPEIEG T FrLAS BEGYS AR ik Geoted ip SiloR) cHog for the
bouncm% rﬁédh@ﬂigh')/ s@ﬁfn@é&t d¥therté ﬂx‘%@&ss@so THBreRGRNGHIP the Ukl &Plrences are

her devices by a single el enent (bouncer or
descrlbeplr bereinr iredetaibn| Pevdce 2290 tompysesed enent 2202 ¢iispgnded between two

fnes nonl i (in th se of .the b cer .a
mechanfal KRR DATEhear SvHet a.et il Pt yeslco PR At st one of
springs 32@4 @ﬁ@horsﬁé&:odﬁl@@l"d@@ﬂ@ﬁcﬁfcar E5RA Had WBOME BSplic@ Mndtiiarea 2208.

litude (and therefore voltage) permts its

The mafteuﬁk ‘?ﬁjowﬁng%?kﬁléﬁ phimaiigs 228 iprempmed (g etghied) toprraide a space 2210
that allo%@st o eg R ogp&%&e n’h{;e El@gt{(ggé{tfco%chh?a@% t.}ﬂSt Al Mmefxﬁg'%? u%c%des rotor

en | ouncer w
fingers ezm lihiti g qoubledi to, thei mireort frel Statok f Mgwss AL14 hieat hoe rme]ﬁored to

ry._hi imty of the_electrode permits tq
substratgi 2l op %;iﬁ?alrogfg (bt thenoeiokaSE 204 M Haips fngers 1s more
clearly &teh rlﬁ“ftIGV 92@' R¢hEIRABIthE aﬁé?{ F&ﬁs&gﬁr &ﬁgngsl efegfrféglscontact pad
hat the mrror is actually driven~by puls
2216 fOEIpeQ,\tldmgtaatuaung ipbwentp ﬂleraoojatmmplléwte nhaa@osmom oﬂ dwbineerd1g1tated

s kR385 Bl Sa EPHE G RELS ABLS e S iBh S Rl
rotor 2212%%&‘&%?1(:&’&3& aNSeairkzRavYENer WQn@IGC QOP%@tsta@or is fabricated in
ilting mcro-mrror, inclluding a mrror w thout

the Second @ﬁﬁvm@ym@ﬂ% insHiG. 26). cﬂ“b,%nthlgd shewGeinblagen @0 Usin FIG 20) is used
|onal lication.No. 60/55 50
for pateqgiiily 86 G555 i pER! 10 e 0 AR maers Tl P BieBfp e mirmor
and actuators.
To emphasize, a double active layer SOI wafer is used to implement a tilting mirror
device driven by electrostatically actuated vertical comb drives. The comb fingers are coupled

to the mirror whose motion is stabilized and restricted by the mechanical springs that dually act



10

The tilting mechani smuses vertical conb drives. The

use of the double-active layer SO wafer enables an
wa@ewanawes f abri cati on process that does not r epwi/Ie006/000657

waf er bondi ng. The backsi de etches are aligned to the

initial hard mask etch, as descri bed above wth

reference to FIG 21. The ppre accurate the processing

steps.and the alignnent between | ayer features

to retury dhemirzen foyitsipiial Rpgher pheaigeiod eipladoriarifingexsfare pespended

: . ) g c o o ol T
o {4881 9058y B LABTELIAS, VAR, 808 AL BPARL pin o
these MERES deniees decsbmmen then chdnGes 22 aligheentc err@20Mat orifdrocsas with the

1.Imany el enents in coHnDn wi th device 1900 of FIG 19,
multiplighy Of PLOCEISFEPS SeBWE iaps that described in FIG 21
BXCHMIich@bnst RateRRUM PleeaaRARIHs ShEA{ 68 Sn &h8NBRLSication are
~ processes. Therefore, only the essential differences
herein ineaspoatadrineelr irelyrbyi mfedatcaiinto thespecificaBoQ te drepsaineesktent as if

.a. mrror.2202 suspended between two nechanica g
cach. iny Rt BB o 50,05 AP HOBT e AR CHET SRy and individually
indicateBlUub el iat@para@al. hefdin lWyasteraite. Ih 288itioNI&ta%3R4r aRgRAESion of any
Is, coupled to an_electrical contact pad wth an

referenggpisy thag application shell 2oble cPREtryeg: ey pmladpdssin heheredi hderence is
: f ' LS : d (e.g. etched) to provide a

ava,llabfsépaé éﬁbgéq%o ?ﬁ%esgﬁ‘ﬁ Iggé%t%?] ting of the mrror. The
el ectrostatic actuator that tilts the mrror includes
rotor fingers 2212 that are coupled to the mrror and
stator fingers 2214 that are anchored to substrate
2206. The vertical offset between the rotor fingers
and the stator fingers is nore clearly seen in FIG
22b. Attached to the anchored stator fingers is an
el ectrical contact pad 2216 for providing actuating
power to the actuators. Note the position of the
interdigitated fingers of rotor 2212 and stator 2214
inrelation to the mrror and springs 2204. The mrror
and rotor 2212 are fabricated in the first active
| ayer (2002 in FIG 20). The stator is fabricated in
the second active layer (2006 in FIG 20). The third
sacrificial layer (2012 in FIG 20) is used for
patterning the areas that need to be renpved to forma
rel ease hol e underneath the mirror and actuators. To
enphasi ze, a double active layer SO wafer is used to
inplement a tilting mrror device driven by
el ectrostatically actuated vertical conb drives. The
conb fingers are coupled to the mrror whose notion is
stabilized and restricted by the nechanical springs
that dually actto return the mrror to its initia
position. The mrror and coupled rotor fingers are
suspended above a cavity to allow for uni npeded
nmotion. Utilizing a single wafer for the fabrication
of these MEMS devices decreases the chances of
al ignnment errors that will occur with the multiplicity
of process steps required. Al publications, patents
and patent applications nmentioned in this
specification are



herein incorporated in their entirety by reference
into the specification, to the sane extent as if each
wo p@oaddu@l publication, patent or patent appl PCEIL2005/000657
was specifically and individually indicated to be
i ncorporated herein by reference. In addition,
citation or identificationopf any reference in this
application shall not be construed as an adm ssion
WI‘LAth[BéiL&H‘éEDrIS,fer ence is available as prior art to the
present invention. WHAT ID CLAIMED IS 1. A MENMS
apparatus for scanning an optical beam conprising: a.
1. A MEMSsppapsusfor venhimgpardpticsheamatoatprisingt notion to a
maxi mum rotati on angl e_ar ound?}ilqngjt rrqor rotation axi

And b2 THTBHOPRTHY ReRFRRmShTobperaL MOHOR & pRipRmfotition angle
around\?\lﬁﬂﬁ‘c‘s“bgatﬁ)}ﬁg%s' afl to reverse said rotational notion,
erel n sal ounci ng nechani smincludes at |east one

bi r st a donheidg imveehatisthorperativertetyogide ¢ bonsiigneyeat end to reverse

. rovides said nmrrar, wit.h a piecew.s i near res S .
said roUig L BO B R B O IOHEF B P O s P g PR B b crive
stator; MEMS apparatus for scanning an optical beam of claim

1, further conprising an actuator operative to Provi de
whiewba ceidaouseing sapw Rievides sd ayrmARBEER pigeqvise linear response to
.substrate, T apparatus for scanning an
acmauoélpuq}? lgépsggéin%?lﬁgﬁgﬂéﬁnm 5', wherei n said actuator
i ncludes a vertical conb drive actuator having at
| east_one second_conb drive stator in_a different . .
2. FhahEMSAAPAraBIsAtE SeNEE & Pl Beagnit Gl Sy comprising an
A{Egﬁ Bpaad tionC SAM hOHatBFcRbi @t DSRMAE.
acmatog{;%rm ,O er eﬁa@%{ 1substlr at eai n%:l udes a0 doublre
active layer silicon on insulator (SO) substrate,

erein each said first conb drive stator. | . .
s HEENEReCIARS freraiind SLovion b of Timodoinrig actator
includes 8C PR AN K GHYE aghudio? Thaving dthRaVENR RBAd *bad didve stator in a
scanni ng an optical beam of claim3, wherein said

differentgianiedeim e plane of aid fiagt combokiventdiardes at | east one
rotor co-planar with and rigidly connected to said
mrror. 6. A MEMS apparatus for scanning an opti cal

4. 188 WEMRdppaidtg fr Btdnhdlg APeftidal beant of plith @; Rharein said substrate
) tilting nmption to a rmx.irmmtiltingban%le around_ a .
includefriadoblergt v lrper alidos onyipelatp Yl SebsraienBdereH eich saig st comb
. LV . . . - -1 R r N .
aive LI BRRLEL L SRR AT I POh) SRRt o s
claim6, further conprising a vertical conb drive

5. Fhe MEhls SBpatin 1S «Brieg S APHOLreBr] LA Bohsi said vertca
comb drtvR! {Prfator KA aSREA oMbtz alo-aRHR ViR YRd Higediy @6§ne§¥ed to said

east one rotor co-planar with 'and rigidly connecte
mirror.t 0 said mrror in

6. A MEMS apparatus for scanning an optical beam comprising a mirror operative to
perform a tilting motion to a maximum tilting angle around a mirror rotation axis, the

apparatus formed in a double active layer silicon-on-insulator (SOI) substrate.

7. The MEMS apparatus for scanning an optical beam of claim 6, further comprising a

vertical comb drive actuator operative to provide said tilting motion.



one said active |ayer, and at |east one stator forned
in adifferent said active layer. 9. The MENS
wappanawus for scanning an optical beam of cl aP@T/IL2006/000657

further conprising at least a pair of springs

connecting said mrror on opposite sides to said

substrate. 10. The MEMS apparatus for scanning an

optical beamof claim8, wherein said one active |ayer
8. The WHEMR appp@tusi for eeanaing srapticel breasd crim T.ovibereiarseid vertical

: | ctive. | b d: rate, .. . .
comb 06 TS o 1 0Po Aol ok MUEL i, 3 BoY SRR S riror in
one saidictive dster,ane asleatiehe ssitdrdoned ins diffreht <id agive Iget.ayer

of said SO substrate. 11. Atilting mcro-mrror

formed in a double active |ayer silicon-on-insulator

0. (B S1aginke iRy ye b £ i

least a ppfiraifspriings coneeating saidirdirsoe ohioppbsiesides thy said sabsahigdes at
| east one rotor formed in one active |layer of said SO
substrate and at |east one stator formed in another
10.  ¥gd MRMBaYpira®k f&aéc_dm§%a§ BpBédl BbAn of 3lainh 1S wherein said one active
.mcro-mrror of claim12, erein said mrror is .
layer inf whigh gaidinitis angmaidaaitlpase ohayelpr ars forhet it a fapaartivedeyer of said
r h n L1 ng. path of a .
SOL sulfoffofh ond e Ao TRl ERRADRLI Plish BRI Riehor y formed
is a bot@ndautivt éayae bf sebd BOY eubsthtel con-on-i nsul ator (SA)
substrate, the nethod conprising the steps of: a.
providing at |east one vertical conb drive forned in
11, A2kfiOHRLE- Bk Brhay §h S douSidPakiat & -oHS!
saild1 tHFerast onef%ve?(?i %a?s cgﬁ]’o %ért{v\@)eﬁ?%@?jﬁlc% giafli%lldﬂlgdmr (50
substrate @hdl ectitng by hersical canttedeve/focmad iothk isage saisttatel ght
beam path. 15. The nethod of claim 14, wherein said
step of providing at |east one vertical conb drive
12.  TRE madolhirfRiod Hamb] € witdréid Sald@y@ficabQonbUdsdd RkRides at least one
includes:i . providing at |east one novable conb drive
rotor fogpedrismeneracgivellayer BOY suletrate andrap fdasiceriersiptet fompad in another
. 4 ' said active teyer, and ii. providing
acuvelag{égf)égaéﬁg%é&béﬁgft%i onary conb drive element fornmed in a
different said active |layer, said novable and
sfationary conb drive elements being electrostatically
13. Hb¢ pugrednivgr pf gleiny é2.guhereipispid muypr iSTfoames ihidg same @rtyaiayer as
said at 1&2¢ obdidedler conprising the step of providing at |east
one additional stationary conb drive elenent formed in
the sane active layer as said mrror and said novabl e
onb driyve sai .east on di_ti onal

14. method afpg, cg%?pg‘fe ot I’ﬂ*;:epgﬁéﬁéanbglgp@ag} ?Q;%g:%eg by a reflecting element

formed in a double active layer silicon-on-insulator (SOT) substrate, the method comprising the

steps of:

a. providing at least one vertical comb drive formed in said double active layer
SOI substrate; and

b. using said at least one vertical comb drive to tilt said reflecting element, thereby

controlling said light beam path.

15.  The method of claim 14, wherein said step of providing at least one vertical comb drive

formed in said double active layer SOI substrate includes:



provi de a bouncing event to said reflective el enent.
17. The nmethod of claim 15, wherein said providing at
wo e@sti3vne novabl e conb drive el enent rigidy PORIR200680657

to said reflecting elenent and forned in one said

active layer includes formng said at | east one

novabl e conb drive el ement pgsaid reflecting el ement

and said at |east one addjtional statjonary comb drive )

&l emeritoviding atdpashens wovehlpesonyt duwg glegont sigigdt pernscted to said

: MENR t Qr ' n optical beam
reﬂecmﬂg?lrer@g In a@%ﬂ%ﬁgﬁgélﬁ\% feglegérr?g?(?l con on insul ator

(iSO ) pswiddihg at asthak statiohagtemnmbrriectlement Ryeed irandifferent said

. handl e, |l ayer, the apparatu onpr.i si ng; a. )

active Iyegy %ﬁlﬁm\'aﬁlefaag Siedonaty oM T YELtlemERts @@ng&ppstawlﬁ.acmmd
to provile\4gdtdical conb drive operative to inpart a tilting

notion to said mcro-mrror and conprising a rotor and

a first stator, wherein said rotor is forned entirely

d salely. in i irst _active |ayer. and.said first .

6. IPEpBRt ot Bt SpPivie B BT HOCdRE et e sdditional
stationa®¢ bobMB dkiak¥ @lemehPforhbe iMEYRBaRB R A M§erf RrsaRiGARArREA 841d movable

optical beam of claim 18 wherein said rotor and said

comb drive sfersenit pid hlesst engpedditionsl sigtionarsimgmb duiver element operative to
¢ 3 i : . or cavities fornmed in
prOVIdesalOgﬁxégl%geslﬁegéttéEmggéﬁ#ﬁggwappar atus for scanning an

optical beam of claim19, wherein said rotor cavity
t end hr.ough id second active |ayer and said X
7. i d’P"éﬁﬁ“il;?é clatRaTshern i aradpsratdse tope aReEblys comb drive
lement RoRAd - p of o
clement BERIG bonicte Al skl eitpetl End BIREPRALH, thq' flive layer
includey dotniing Isaidoatiieadt bue nfayrbleeontodyve slement, seidarflestinat dement and
. ormed in.said first active.layer. 22. The MEMS .
seid at {35055 poifio taRiny o Gt EEmienbaine ops aPatiere of said SOT
substrafeherein said rotor is rigidly attached to said
mcro-mrror by a torsional nenber, and wherein said
mcro-mrror and said torsional nmenber have respective

[ C ' ] - M. I L OF d rsigqnal er,.
15, ANREISSER e SR Rl FREEh 0BT B v
silicon emthsslatad (ReNdubsttaty gt indlddestwWirddiod 1dyefs dndraiandledayer, the
scanning mcro-mrror in a double active

apparatyg PIRRIHR- i nsul ator (SO) substrate that includes two
gcti Vgn#i@%%ﬁrcﬂ%r@edqﬁgg!d%rgt@éﬁ% lag{QPBPHS' ng the steps
of : a. I'n rd T

ormng a mcro-mrror S rst active
bayer a varidabconftodriNergpeentive td imgert £ iltingdnation topaid ahicroemirror

to.i.nmpart a tilting notion.to.said jmicronjrror, sai ..
and conGi TR UL BOTEISR FJ0 20Pb RGPS TrdY apefaiely in seid
first act%_qgﬁ‘r Ang 3418 FQlRkorliS fdrRelRAHRR! _deJoYelﬁgpsaﬂpée%Bﬂd 4ffive layer.

said first active layer and whérein sald stator 1Is
formed entirely and solely

19.  The MEMS apparatus for scanning an optical beam of claim 18, wherein said rotor and
said first stator have respective rotor and stator interfaces with rotor and stator cavities formed

in said substrate.

20. The MEMS apparatus for scanning an optical beam of claim 19, wherein said rotor
cavity extends through said second active layer and said handle layer and wherein said stator

cavity extends through said handle layer.



in said second active layer. 24. The nethod of claim

23, wherein said formng of said rotor entirely and
wa@oeloeligoih said first active |ayer is achi evedP®@IIL2006/000657

renmovi ng second active |layer and handl e | ayer sections

boundi ng said rotor, and wherein said formng of said

stator entirely and solelys,4n said second active |ayer

i s achi eved by renoving handl e | ayer sections bounding
21, The Mg apparatus for scanning an optical beam of claim 19, wherein said vertical

comb drive further comprises a second stator formed in said first active layer.

22.  The MEMS apparatus for scanning an optical beam of claim 19, wherein said rotor is
rigidly attached to said micro-mirror by a torsional member, and wherein said micro~mitror and
said torsional member have respective interfaces with micro-mirror and torsional member

cavities extending through said second active layer and said handle layer.

23. A method for forming a scanning micro-mirror in a double active silicon-on-insulator
(SOI) substrate that includes two active layers and a handle layer, comprising the steps of®

a. forming a micro-mirror in said first active layer; and

b. forming a vertical comb drive operative to impart a tilting motion to said micro-
mirror, said vertical comb drive comprising a rotor and a stator, wherein said rotor is formed
entirely and solely in said first active layer and wherein said stator is formed entirely and solely

in said second active layer.

24.  The method of claim 23, wherein said forming of said rotor entirely and solely in said
first active layer is achieved by removing second active layer and handle layer sections
bounding said rotor, and wherein said forming of said stator entirely and solely in said second

active layer is achieved by removing handle layer sections bounding said stator.



