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WO 2006/131916 PCT/IL2006/000657 BOUNCING MODE OPERATED
SCANNING MICRO-MIRROR FIELD OF THE INVENTION The present
invention relates generally to scanning micro-mirrors implemented in 5
wdigses Edesiso Mechanical Systems (MEMS) or Micro Opto Ele§ti®2006/000657
Mechanical Systems (MOEMS), and more particularly to tilting
micro-mirrors used for scanning. BACKGROUND OF THE INVENTION A
tilting micro-mirror is a central element in many MEMS or MOEMS
deviceg¥henvdQused oFseantings da RieMenigRAG-PRAIAOR Principle
are shown in FIG. 1. A tilting micro- mirror (or simply "mirror") 100
comprises a generally flat plate (e.g. made of silicon) that has a reflecting
FIELD sipfege ¢ eRiate 02 is held suspended by two torsional hinges 106" and
igned alony mon to and t||t axis 108. The two hjnges
e Speray
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ovornsdhetimeRass. G iBfleg i sutass.clliediinghis gdected by

Mirror o & scanned area mg mirror is actuated by an
actuation moment 120 that can be provided by well-known MEMS

pACKasbeien systemsnivEng ghows the required time dependence of the -

rotational (or "tilt") angle of a scanning mirror, i.e. the required shapes of

A SRR RECPUIRITIOD YoM ToRbHERBY theAeN Qe S0y NKAFNE R res: When

used f@%@ﬂ@dgar@@eléﬁmﬁstaﬁmgy&a@aq&ﬁ&p&aﬁec&ﬁaﬁh&fﬁmaﬂd:;banm@[ﬁhcmn
canning,,as shq box 206, while
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reflectirgpredent iﬁdn§1m&ﬂ@2|mehdbhsaupemﬁ¢ﬂl$yldn@ obapppiat dtiogs, #66' and 106"
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€S Specific requirements on the scanning m| ro-mirror motion.

to tilt citw@@eaﬁ shideoibieyHaeass frerpnerississTASiin Acgivesonsesn iaagdaadtypically +

5degred8logity ot smal f@@gpﬁ% r%% 8 hnnd REISLAly SPRSOLT AT Stirected
A-Physical 96 (2-3) pp. 223-230, 2002. A mirror of this type has _been

by the BRI 1% Thudingiminards agraisd v BRspieR mgment 120
that can@y@fwamé@hyl@hﬂ -Beare Heans lmuxﬁgﬂ Bedegysfor Automotive Projection

il bI tM "
T oA s LTI AR o oGl 4050tk el of o
scannimgphidabs\iitc Hesrandryd sizdples oﬁmmm@ﬁmmmmmmy the reflected

laser b%gnr? s nlcatloa &eﬂi %%‘i g%ﬁ;g{ c?is%n %e%% ?grut%%dfb axd ackward

projection tec ogy A large v esigns and operationa
scannittga\as 1sbewTapdreEd2¥e pehiting sawtoath signal 208 is needed for cne dxrecuonal

scanning, as shown in box 210. 1> 2> 3> 4> 5> 6 represent scans in the time domain. In this

kind of applications, the necessity to create an image free of spatial and temporal distertions
imposes specific requirements on the scanning micro-mirror motion. These include long term
frequency stability and constant angular velocity (for small rotations), see J.H. Lee et al,
Sensors and Actuators A-Physical 96 (2-3) pp. 223-230, 2002. 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.®, hitp:/fwww.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 requirements imposed by the specific application. For example, in

optical WO 2006/131916 PCT/IL2006/000657 2 communication

applications, the requirements of long term positioning accuracy combined
wwithdaigh @aptical quality and low thermal sensitivity are the neastrL2oe6/000657

challenging. In contrast, micro-mirrors used in projection devices for the

digital processing of visible light must fulfill requirements of high

reflectivity, short switching time andfhigh reliability, while positioning 5

comunisfuesraepplmiyde secregiakntvhite dhra neations afehighbedesiableribined

.. .all micro-mirrars, it is difficult to provide it. The difficulty is mainly th
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_ electrostatic, magnetic, 10 thermal, piezo, laser ow-in
issues HetaKyK Jess waliaks actuation based on shape memory alloys.

Rlestsastaticastidation anshmasnetisastuationremain he MosUde provide
, u§§g r“ﬂethods. . The main advantage of magnetic actuation is the linear
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ipplication in a retinal display (from hundre microns up toa
The maiipiereipea s thesrsttircsisaritid fagurerrindionsbisshstwicsnz fmingart signal
(electrieleatrostplisRatbAian A ABIE B54isHSBeIDA4dKion 12 dNaNBILS:9E 2 wer
electrostatjc actyation include simple, well-established processes used for
COnSULRRAYA TN of el oMt e AR, | JWTRswer orttiniptien, apf) relatively
complickvé apeidanmdatingseslImnadtidige Maretlingf 1dasign 6oRceRISHoRRHESke less

fav Omgpe l&g{%{ég@. 'f‘gl\évc ver ttlhea %ger\]cg%l difficulty of electrostatic actuation is the
intrinsic nontinear! y gf‘ electrostatic forces. In the case of a scanning
il aeduiicl resided siraoforiimeardeperide seanshiheppittattndntensidim] display
(from KORIRERL LIS HLIRG Angle; Andkas M@l@%ﬁ%}ﬁ&%@&‘&%& %%%Qéjn%glé;se({%gs of

operational voltage.”Moreover, the'nonlineari ctrostatic forces

KHz) saffiskstinitttice friaaing orensse réatofhiy mechiniedifroesabuatagss of
electrodfni baifbinsta il cwhish imitsitha apesatipaldasae REhe A8y CBr EQition of

overcome these difficulties, different splutions were proposed in prior art.
electrostatic devices, low power consumption, and developed modeling tools and large variety

of design concepts reported in literature. However, the central difficulty of electrostatic
actuation is the intrinsic nonlinearity of electrostatic forces. In the case of a scanning mirror,
this results in a nonlinear dependence of the actuating torsion moment on the tilting angle and a
nonlinear (quadratic) dependence on operational voltage. Moreover, the nonlinearity of
electrostatic forces combined with the linearity of elastic restoring mechanical forces lead also
to pull-in instability, which limits the oberational range of the device.

To overcome these difficulties, different solutions were proposed in prior art.
Specifically, a generated square root (of voltage) input signal was used by W Zhang et al,
Applied Physics Letters 82(1) pp. 130-132, 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 on voltage, see e.g. JH Lee et al, Sensors and Actuators A-Physical 96 (2-
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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 on voltage, see e.g. JH Lee et al,

Sensors and Actuators A-Physical 96 (2 3 3) pp. 223-230, 2002: H. Wada
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necessity to provide a triangular signal which is required for video . ,
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required triangular response as a Fourier series of sinusoidal components,
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exwlithetal sfiblassehttipnsinciude highaomplexity, difficulty to provide
I‘eSOJilElé'.l tlfggl%%e%'tﬁ%awggcpl rl‘u%%rcfsl:l I cﬁ(dealﬂdhccooqs g)ldﬁ, %YFfL;'cI:gH 7 to provide
sensmw?y to fa%rlcatlor] folerances and extréme di iculty in pqnﬁg the o
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tolbMiRulch e Nighly agNantageouh QnbAVEAR¢AYNIAG,Micro-mirror that has
optimized motion linearity combined with high operational frequency and

low dbfiattohURER I CONARRRAPITETIRE AVERTIINEHBbHMaNReErs ©
hdie preseniinventomdisclase adiltingrbadnengomadeifaicrombinal hak high
Opu% %I%iltggru%gc?%gét'ﬁg&aa!c)g}mgne%&%gnent (also referred to throughout this
escription as “'bouncer”) or a pre-€urved nonlinear stiffness element to
achieve a superior scanning performance. Embodiments of the present
stRYenton friher giseiReagmicro-mechanical actuator used to move a
member carrying a payload (e.g. a mirror) along an axis in a periodical
nonlfrBkrdizsgiial hupesary R ditrlerrs Bt presdis RRASHHIF Supirer that
usdliseipse a navelditing misto--mikear ardaatererationthat RemmitgdRepton as
achieyement of a piecewise linear response of a micro- mirror device

" 13 p ' + .
CEpKFAte by nFRSIEAI, ABHIAA SRS, FFBRY fhobhiRiert, fRerior scanning
peiigunciagt nodei-afsapeliationcacoordig forthe girebent inkentiaohnclubesuator
a dctontact event between the . .. o .
used to move a member carfying a payload (e.g. a mirror) along an axis in a periodical nonlinear

angular trajectory. Embodiments of the present invention further disclose a novel titting micro~
mirror mode of operation that permits the achievement of a piecewise linear response of a micro-
mirror device operated by intrinsically nonlinear forces. In one embodiment, the "bouncing
mode" of operation according to the present invention includes a contact event between the
mirror and an elastic constraint, which takes place each time the mirror reaches a prescribed
rotation angle. This contact event is followed by the bouncing of the mirror and by the inversion
of the angular motion, hence the name "bouncing mode”. In another embodiment, the
"bouncing 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. {Hustrative 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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mirror and an elastic constraint, which takes place each time the mirror
reaches a prescribed rotation angle. This contact event is followed by the
bouncing of the mirror and by the inversion of the angular motion, hence
wiheopameipouncing mode". In another embodiment, the "bpungingserades
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.
lllustrative examples of bouncing- rhode scanning micro-mirrors actuated
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element as disclosed herein and for the purposes set forth _herein is
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nhlng minor the stiffness o e torsion axis Is constant. As a result
result, the motion of the mirror in the e\mﬁ@:@ﬁ)ﬁ@t@ﬁﬁmfﬁf@%mm@etﬁ@ﬂ riderval

betweeﬁ‘iﬁﬂ?éﬁ%@»%%@%”a@ﬁ&ﬁ?'Q%@é"i{ﬂﬁdﬁ aetpally.2 fersmotion.abRdineakaity of

system. The angular velocity of such a motion depends on the Tnitial
such a g GRRBER A G BriBifatiaPRIHaTRS drBpotdhtiabiERbkiRstic and potential energy

of the system and on the stiffness of the torsion spring. In the case when the kinetic energy is

the dominant part of the total energy of the systern, the variation of the visiocity during the free
motion is minor and a desirable level of the linearity of motion is achievable. This situation is
realizable when the stiffness of the torsion spring is small compared with the stiffness of the
barrier.

Other important advantages of the devices and methods disclosed herein include low
sensitivity of the frequency and shape of the output signal to the system parameters, and good
controllability of frequency. These advantages arise from the fact that the frequency of the
mirror is defined by the deformation of the barrier, which for its part depends on the level of
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



of the system and on the stiffness of the torsion spring. In the case when
the kinetic energy is the dominant part of the total energy of the system,
the variation of the velocity during the free motion is minor and a
desirable level of the linearity of motion is achievable. This situation is 25
realizable when the stiffness of the torsion spring is small compared with
the stiffness of the barrier. Other important advantages of the devices and
methods disclosed herein include low sensitivity of the frequency and
shape of the output signal to the system parameters, and good
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with a piecewise linear response to actuation by intrinsically nonlinear
second cRapESEVRsaI b ERIFERPI e orENI B S S HvatiiE FREY fittrEREbmprise an
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comb drplamathan a plane of the first comb drive stator. In an embodiment, the
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substrate, whierein each first comb drive stator is fabricated in a differen
and rigidiptiveneyeal thdm wieprsecond comb drive stator. In an embodiment, the
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scanning an optical beam comprising: a a double active layer silicon-on-insulator (DSOI) substrate
having a first active Si layer, a substrate Si layer and a second active Si layer intermediate between
said first active Si layer and said substrate Si layer; b, a mirror formed in said active Si layer and
operative to perform a tilting motion to a maximum tilting angle around a mirror rotation axis; and c.
a vertical comb drive actuator having a first comb drive actuator element formed in said second
active Si layer and operative to provide said filting motion.

In an embodiment, the vertical comb drive may include at least one rotor co-planar with and
rigidly connected to the mirror in one said first active Si layer, and at least one stator formed in said

second active layer,



and rigidly connected to the mirror. According to a second aspect of the
invention, there is provided a MEMS apparatus for scanning an optical
beam comprising: a a double active layer silicon-on-insulator (DSOI)
substrate having a first active Si layer, a substrate Si layer and a second
active Si layer intermediate between said first active Si layer and said
substrate Si layer; b. a mirror formed in said active Si layer and operative
to perform a tilting motion to 661 maximum tilting angle around a mirror
Inrgtatibndaxisit aha MEMS/amicalusomb forive actyaterdnéving pafirst goimt
connect AT RAAIHALEN SlAMERLIAIMed insaighgecond active Silayer and

operative to provide said tilting motion. In an embodiment, the vertical .
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stator formed in said. second active layer, 6 In an embodiment, the
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) may include providing at least one movable comb drive elément rigi
being elegiipsgtitalacacidndetvigeahstint and formed in the first active Si layer,

The aRehpIQViClingnal lRASrAR e statiPAaRGaMb1dEie Slemenbiarnadinin&ms

, second active Si layer, the movable and stationary comb drive elements
drive element formed n the same active layer as the movable comb drive element, the at least one

additional stationary comb drive element operative to provide a bouncing event to the reflective

elemernt.



being electrostatically actuated to provide the tilt. The method may further
comprise the step of providing at least one additional stationary comb
drive element formed in the same active layer as the movable comb drive
element, the at least one additional stationary comb drive element
operative to provide a bouncing event to the reflective element. 7
According to a fifth aspect of the invention, there is provided a MEMS
apparatus for scanning an optical beam formed in a double active layer
silicon on insulator (DSOI) substraté@ that includes, in order, a stacked
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DRAWINGS Reference will be made in detail to preferred embodlmenfs of
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the invention is generally described in the context of these preferred

embodlments it should be understood that it is not intended to limit the
4028 BEEHRAYERGSN to these particular embodiments. The

Réﬁkﬁ%éfaalpﬂel’ﬁd@rl}r ?eﬁla@v?emﬂa@:@%@ﬂﬁ@ rﬁﬁ%éftﬁﬁi %Mﬁfﬂéﬁ@ﬂ&hxch
the invention wi eco e furt arent u on consideration of the

may be fgﬁé‘w 1Ry B ?Fﬁ?%ﬁmt‘ﬁl%% G hﬁ%ﬁzﬁbﬁ% A ﬂbd%?c%’%ﬁ PARYCrigOEgitine.

A}thoug\kvleiermmrﬁt@ islgshonlis thecsterents: amde@peﬁatm pefaciplerob@lititing, it should

be undeld tmal{ OLUSE ‘%'n{&rds 86%9 rl‘lmg thFIg; % U t&b St rl%g l’:'l'}ﬂf(:"eg}tgon Qo these particular

dgepen ence of the rotatlonalflangfe %f a scannPng mirror;
embodiments. The structure, operation, and advantages of the present preferred embodiment of the

fayer.

BRIEF

invention will become further apparent upon consideration of the following description, taken in
conjunction with the accompanying figures, wherein:

FIG. 1 shows the elements and operation principle of a tilting micro-mirror used for scanning;

FIG. 2 shows the required time dependence of the rotational angle of a scanning mirror;

FI1G. 3 illustrates schematically a prior art tilting mirror that uses parallel plate electrostatic
actuators,

FIG. 4 shows a concept of a bouncing mode mirror and its operation principle according to the
present invention,

FIG. 5 shows schematically the dependence of the torsion stiffness {moment) on the tilting
angle in the device of FIG. 4;

F1G. 6 illustrates schematically motion stages of a bouncing mode mirror as in FIG. 4;



FIG. 3 illustrates schematically a prior art tilting mirror that uses parallel
plate electrostatic actuators; FIG. 4 shows a concept of a bouncing mode
mirror and its operation principle according to the present invention; FIG.
5 shows schematically the dependence of the torsion stiffness (moment)
on the tilting angle in the device of FIG. 4; FIG. 6 illustrates schematically
motion stages of a bouncing mode Aiirror as in FIG. 4; 7a FIG. 7a
Flidlusirates-dhe dieen storyr(angir-time dppRIBARN GE )k afoabPUNEig Mede motion
Obtamecm) rré)gimqg?r} obtained by a simulation; FIG. 7b illustrates the
ence of the natural frequency of the mirror on the deformation of
F¥the7 bdhmt:aieSFﬂ@ d@ihdstratef tirengimall dtapidimediistonyiodram alotuafiomation of
the boupgT@Ment MA resulting from a bouncing event. FIG. 9 shows schematically
yet another embodiment of a bouncing mode micro-mirror device in which
FlgheShdlmeees die somisdeind Haomirrdrar reluadpsHoomescAdnTasidtifly from a
boummg%t,gnother embodiment of a bouncing mode micro-mirror device with a
pair of additional softer bouncers connected to the substrate; WO
Pl 6P PR SO BRO00BB RIS freHeRe S mitEATgeevice in
which tlRMeiees mbedinenidab ahbatineing mode micro- mirror device that
F]%)rm)rises ar'hactlt\/e1 nde ¢ entI de({lorm?b e Bouncer,, FIG. 12a shows
sthematicatfy %“arlé:ac e 1'r1100n inear stiftness lemMEitEAAt hay b ror device
with a padvéarttcagsmusbﬁmrshedmmrbwmmglmmbeammor devices of the present
invention; 5 FIG. 12b illustrates the dependence between the applied force
and the elongation of the nonlinear stiffness element of FIG. 12a; FIG. 13
shows an embodiment of a parallel plate actuated bouncing mode mirror
with bouncers: a) isomeric view; b) top view; c) side view without
actuation; d) side view with actuation; 10 FIG. 14 shows in (a) top view,
and (b) and (c) isomeric views an embodiment of a mirror device with a
bouncers driven by parallel plate electrostatic actuators;
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FIG. 15 shows: (a) top view and, (b) isomeric view an embodiment of a
rotational parallel plate actuated bouncing mode mirror device with
pre-curved nonlinear stiffness drive elements; (c) isomeric view

wemphasizging a side with section A-A; (d) section A-A beforepd i 2eo6/000657
deformation; (e) section A-A after deformation by electrostatic forces. FIG.
16 shows in (a) top view and (b) isomeric view an embodiment of a planar
comb drive-actuated bouncing mode mirror device with pre-curved

naplineprstiffeessslaments il Gnddshewsoanathie e mbQaina efde micro-
. bouncing mode mirror with in_-planeCPre- cyryed r@glinear stiffness
mirror dRsice et CARSSTAGH BikiTe HATER ?B‘)%%{ﬂ’é’w tP&REFtral 20 section
VFILG. MiFEOEhaRe eolispmREDY e W ok thechittalsesationfts. d8mhawsat may be
i vari(‘)f%s sha(ges gf gre-curved nonlineards'%i!{grégﬁ %a';nsén@%ve]ﬁ . g,l@ows a
Ay B B St B AR EHCAT B RiD Y ive actuated sbouncing mode
riickol Atiribesitteibatepes i éayerraraviens i) cdrfiaxgemé e El@Satioo-ef the
o mm%%%ﬁg%%%?%&ﬁ?ﬁr%@?ﬁﬁi%ﬁ of a vertical comb drive actuated bouncing

e micro-mirror device according to the present invention; FIG. 20

SHiSind Irkvpssracenbrivarsuy myaidst alelsastasidibevraiae sndsHdRoT With
bouncdRSUIRIQEARRY) wialehHG. AlwhonsanexeraniPiosessfonihede view with

fabrication of a bouncing mode micro- mirror using a double-active-layer
actuatighy| wafer. WO 2006/131916 PCT/IL2006/000657 9 FIG. 22 shows in (a)

arideometiendaw @f adpeléekroatdti®iliing @)inendelicdcinpie mehtethiam of a
. ouble SOI substrate; (b) a more detailed view of the vertical offset
m‘”@%&?&éﬁ@hﬁ:"\?er?%é %lé"r%’gb rﬁ%%%u?igeﬁedes?‘é%\ég? |€8§?§%OgETAILED
DESCRIBR®N @F thiHBPRERERREBENMB DIV ENTS Tieprboé it rotational
: : e - ) icro-mi ; '
P o e e drve
elemenfifffRsisanaientsy semkarzng spadercthnisriypetidridhascignig-a before

defornDRIACES) SHSHAAI L ANtIeNe A RERARY i et Rlemeaakwith linear stiffness,
we have found inventively and adyantageously that its 10,000@

ackion! RitHCSIRE? EIEIRBIS b ARt Y SRS pEETH CRIFPRSTEIE %ﬁﬂéﬁﬁﬁﬁfom
drive-Rtfiveed Whifierpptintfinessidibsca sainpisedindnintiaeatiffifess eitments;

o R et s P CUn PRI RS
curved nonlinear stiffness elements: (a) top view of the device, (b) top view of the central
section with mirror, and ¢) isomeric view of the mirror section;

FIG. 18 shows various shapes of pre-curved nonlinear stiffness beams;

FIG. 19 shows a detailed embodiment of a vertical comb drive actuated bouncing mode
micro-mirror with bouncers: (8) general view, (b) enlargement;

FIGS. 19¢c-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 (SOT) 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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The "bouncing-mode" actuator that actuates the mirror is operated in the

self-exciting mode and its motion is actually a limit cycle. The actuator

moves the mirror in a piecewise linear 15 trajectory. The nonlinear

waciustiomand control principle provides a set of desirable fepturagossreivss?

as small size and weight, low power and low heat dissipation, high

frequency cycle with fine and accurate feedback controllability,

quasi-linear trajectory intervals, low Acoustical noise and more. A full

deXgripfioshobtheéntheprandsirridatiens tHatweseribathe ndttgeatoror device

[ 0 e f the prese

e B e & R T ermesn
the vesteahppmepditioraipr erdsaigdbrggiplications” by V. Krylov and D.I.

Barnea, submitted for publication in Smart Materials and Structures,

Mrch 2004 hIChIS morrated b referencfor aII DUrposes set forth

utrhaq;tfegmf ﬁh%nﬂﬂanﬁmas@f @ﬂﬁﬂ@rmfn&@g) aai@é lﬁf@eorﬁﬁmdm [AHS either

d he sthagyggilof a ) iﬁ}ﬁnal tg.a 25 re uired HSrm for example to ;
eSO SR ?86 f WPSWa?Foﬁwé’ FSRADE D IR MGt SEIbRSRY & ment to
achievexampleisinosoida perfectangel Ahilkhe vation ofch generiatiiendinadseam is an

eiemel%swlam%c't&ﬂg% pil%fgvl m@@%ﬁgp advsgg%%%(]a%d B it

e equation: 30 B+ekok=

coopeTRsESerainaly e abgyl élﬁﬁmﬁ%&ﬁﬂx@amtgét@nactﬁﬁdlda"&mwes;pcl@gidimt have a

differRQGERNAPISACH S HHE UGN Deat 1$1ENS DK RPFESICAIRe bouncing mode
parameters of nonlinearity. WO 2006/131916 PCT/IL2006/000657 10

uses a@ﬁ?@éﬂﬂ?@ HerAtioh 1O46 rh?ﬁ%%lplmémﬁ;dm&ﬁsa@%ﬁsqm% &qee} pinciple.
The "tininsinpanidal anthaeaniainadigherhanmenicss Bperaledi(lEoBettikciting mode

“and Its mOQ<Wt) 290% Xm%ara Cet rs nonllnean k can be chosen in such.a

tRaftHe h|n D& B SUTBTRCSighaIPIS&RydRy linear

traj ecta@bmakmnhawalmmhmamm uammﬁd pxbamieso& tize Gﬁﬁmh‘s‘tgmdbatuxes
i t d

such B B S 80 M ency ey wit

fine angopapiaetp ,bgnkc@ﬁméléab@d @wﬁm@@m@mm@wﬁm@nmﬂ@ noise
and mRAGEHNe 8L SN iPNE. MPASeHEREATIGH SRS MRRIIIANID S ARGYIR e uation

and control that provide the bouncing mode of the present invention may be found in
“Bouncing mode electro-statically actuated scanning micro-mirror for video applications™ by
V. Krylov and D.I. Barnea, submitted for publication in Smart Materials and Structures,
March 2004, which is incorporated by reference for all purposes set forth herein.

The invention makes use of loop-shaping methods based on the utilization of the
properties of a nonlinear resonator. The method permits the shaping of an output signal 1o a
required form (for example to a triangular or saw tooth form) from another shape of an input
signal (for example sinusoidal or rectangular),

The motion of a generic nonlinear oscillator, excited for example by a sinusoidal signal,

can be described by the eguation:

G+cb+Y g,6" = Asin(wr) ey
k

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

are comstants, (w is the frequency, t is time, and g, represents parameters of nonlinearity.
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velocity of the scanning device. More specifically, the angle-time
dependence should be as close as possible to triangular or saw tooth
signal. In other words, the angular velocity should be piecewise constant.
woheoiyarsion of angular velocity, i.e., change of its sign at thetendoot/cocss7
each half period, involves very high angular accelerations. The simplest
equation of motion of 15 the tilting device (considered, for simplicity,
spring-less) is as follows | dtze = M) (3) where B(t) is tilting angle, t is
Since diN@ukimmameRtatineriaRad M(Dupexiamallifaipplieds 20 astuatingidal and
. moment. If we integrate this equation within the time interval [tl, t2], where
containg HiZher WO HEsore velocity inversion and t2 is the time after the
inversion, and obtain tz H2-H1= FM(t)dt (4) where H = | d %dt is angular
momentum, Since the angular velocity is constant before a g}]after
g *‘”zﬂﬁg}gﬁfﬁwﬁﬂe"eﬁ@?& in the angular momentum is indepeng t on tL, and
¥ t2. In the case in 25 which HZ = -H1, AH = 2H1, the inversion of the
o gityacatebe ofiowelingsrdn elasstictisothmsimy iaveushwithoit feystey parameters

. energy. If IH2| < IH1l , the inversiqn of velogity is accom an'edUb 0Sses .
defining i CHFRBP L BB A B ofr IS 1 G ER T AT B s
hape REHRAGHROLGNINTLELASE the LQinsingshemld beplastie. £neell, due to the
sape observeg?k?at the change in momentum %%%%?6/19%?916

nonlingpeity A1 e GERTO6S 7P EICHRRITS HRe iRtS GraP i B E R HRFLRFsSppince it
is based @Guatioaicthtae moment is applied in such a way that the integral is

ual to the.change of momentum, the periodic mation is.sustajned.., The
SRR e e RO S URRS RS ISR T s toe Afuler
velocitthef mm&mlmbmlapg@ﬁﬁdiém‘éi@v@bﬁﬁdm é@pménmmhb@ld be as
close aggggﬁglg%'ﬂ?%ﬁgﬁgpgf émﬁrolﬁesﬁﬁgﬂgﬁ%tﬂél’%%@ %té_rgﬁ Elﬂ%glocity should

ication o moment and therefore the lowest admissible moment
be piecgrdsersastatoy Tpstararsicgucnenis. rlasilier o slsnse ditcion Yelbrryd of
each LARVEISIRN be ARRlGtieROfhRament s bRy diRe sy entaaevifieon of
_motion of the mirror. In the case in which trge, simplest position control is
the tiltigg g vifia(FrBRiFeds ap Sirsel R SHReATra 183 a certain angle. In
this case this, 10 the control moment is a function of the angle and not a
, function of time. The equation of motion can be re-written in the form: z

149 - m (3)

dr*

where 0(¢)is tilting angle, £ is time, [ is moment of inertia and M(¥) is externally applied
actuating moment. If we integrate this equation within the time interval [7;,,], where #; is the

time before velocity inversion and £; is the time after the inversion, and obtain

H,~H, = :fM(r)dz 4)

where H=1 d%fis 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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| dte +k8 = in(t) + M(O) (5) 15 where in(l) is actuating moment applied in
order to sustain the mirror motion and M(O) is the control moment. Since
this control moment is a function of the angle only, it can be effectively

waenrd as@ moment of a nonlinear spring which is loaded asdy @t SeEiainss7
angles of tilting. This loading of the "spring" is completely similar to
mechanical bouncing. The only difference that in the considered case this
"spring" is realized using a feedbadk control mechanism. This 20 scheme

is equaf RNRSiFERIZEE Mdhe rase atdheradsanahility ia-aRpN-aNiahREEaNRGN 2

moment ﬁurlng short "contact" time, The very special properties of the

way thloleiigeRtbefe AR doFErAR: SePErRpIatBh S HPEIE iRERra Fustained.
The méRlsabvave HiptRinduviee e aetvatons patedikiyrdedittonaneht hyment

) n .input signal) is transformed into a new shape (e.q, from sinusoidal. to a
et L o o ST D i HE IR £ R S TSt oy (e The
longestndmiie: thetimoiertbatppheaticnosfriconsoas todabhiefeeairefioratst admissible

can-injecti ' j The movement of the mirror facilitates a
momen?t zixrenn#)%gé&’ %ﬁgy%tgﬁq ?%l{lg I%%ts

relatively simpleelectroriic _a(':ga between standard video streams into

thecsitsnatimgotide effetites reidisipragsigatéhs. smnbeatenspibamamentshould
be synPEdRiRG devices ussth{osexanple,form Gpneration fiMeRians silpRls Ridion

single element. 30 The following description uses electrpség%f ti ti%?l as anthi
controlds &Ry RAHERON FRELPS e A SUOS LSAERRS AffEtH h %{ﬁ s case this,
the coftesicabedhierein Aulfilsthe requirgivenis aitmofiortibnealitimhidhe equation of

. __operational frequency.and low actuation voltages imposed by laser display

mom”\/%ﬂ %O’f%m% %gﬁoﬁf20061000657 12 applications. It is understood

that the electrostatic actuation described may be replaced by other
, . actuation methods such as thermal, magnetic, or piezoelectric actuations.
fi?ﬂ@.ﬁﬁ(hpyw@hematically a prior art tilting mirror device 3@8)that uses
dt parallel plate electrostatic actuators. Device 300 comprises a mirror 302
suspended by a torsion axis 304 at a 5 distance d from two parallel plate

electrodes 306a and 306b |ocated ynder the mirfor on a substrate .
where B, 1o 0% BHB TP PRI P SR AT TRt M e
controf@ntiga8ORtaes anglentith ihereleciro desdodisttie et benledncambireffectively

oIR8 SEELate .8 2080 R ER RIS e 8l i
loadingleiteritsptbainseshpethly fomiofcantikades] Houblimedye cuimgdirage that
in the %‘8%?&%&@@913?5‘&%{1&9 i§ §&%‘é’é&1iﬂsﬁl§ alffedback control mechanism. This
scheme can be realized in the case that there is an ability to apply a high actuating moment
during short “contact” time.

The very special properties of the bouncing mode actuator enable a set 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-mirtor 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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FIGS. 4-13 describe the invention schematically in conceptual terms.
FIGS. 14-19 and 22 describe the invention in specific MEMS geometries
and designs, applicable for example to silicon or silicon on insulator (SOI)

w M pragesses. FIGS. 20, 21 illustrate schematically the mteps06caoo6s7
silicon MEMS process used to fabricate a preferred embodiment of the
bouncing 15 mode micro-mirror device of the present invention. FIG. 4
shows schematically the concept of& bouncing mode micro-mirror device

applicAAd8s and is.aperation RENaiBleaaeoding deihecRraseRitiy ention. Dayiced by
400 comprises in (state a) a mirror 402 suspended on a torsion (tilt) axis

other agAtALHELORS S D TBHHE. DREBF HethRiofO e HHrFBIHrS rotates)
arperel susie 404 dsadgiva titiangle ftitpventive jeeitd REanirasiayithale] plate

rigr art tilt mirrors, device 400.comprises afleast on ir of nonlinear
o S A o . ST GNPy R L0 AT BeAR e o2
distancstrip§an pres quandld] nbaknelactstifisc 386 2l cHiehs manadexadap dud lyniror on a

substraid $68 161@}9 &q@ré‘&ﬁoﬁl%‘i‘ #08, b3t cOme B, %Qtﬁ?ta%tcgtf&?aﬂéig efosg to the

when the tilt angle O Is larger that some prescribed contact angle value Oc.

|
contactigngleonishvihg disendeiarorme g’ betvaeremispeafeah depbiscdesirode e.g.

306h) GORNRE nRalsHheRS hawncateake arefarablypiheuahnot necessaribar of
positioned symmetrically relative to (i.e, on bagth siges of) tjlt axis 404.

ad ditiogiah S ERTS CLER Bt BIRAGE  StaP) [ ot e R Eh LR8BI FriRs Giagped
beams/eipdnim e ek hegaise iaf Rf@. inkreased torsion stiffness, as shown in

Fifeso.Thenonlinear stfiness element (hade of apatiouiar mafsyialy 19 ang
€.0. silicon) may be designed and optimiz d'30Ch 5816 achieve a
22 despabtichtamubtiacieristicifisdiRdity sstioctyis redpiastmspapnliedladpliegample to

silicougﬁ‘t Hi%%gﬂ 59%%111%@9@3@?)' Il\%ﬁm%l&éséél FES E@\,N}.Sl shhsmal m%gﬁfcaﬂy the

ependence of the torsion stiffness (moment) M on tilt_angle O in the

steps ofet/itilicopPHEMS PreCtSTSISPASIIFESSHE hRIpESEY SrbrispsmeeSBe bouncing

mode HESING WS 2005/1 84318 RGT (130964000657 13 axis 404 and of the
additional stiffness of %Bbg) ncer 408' or 408" on the ti
g

Iiing angle B. Wé‘len
the i METRHED S NEERIEP WHeh S P ER LM St ESE TRRh g7 400
and itstbpesidpe alibipibbocsrlirginy &)cneseasesveigiuficBatiice TG quiapitkes @ (state a)

. _saturation-type, stiff nonlinearity necessary for the formati fthe .
i e L AR R R B e dgmton, e
mirrorgiipr épsedDymout s S Howing a Gt argle ® Vevariecly ohd bocergingt with
prior AP RASATHIR! 35310 WG AOHEE QL Rl Paad SHINVE A0 COMBHSERR SIS (e.o.

first fast stage between point A and B defined by a release time TREL, a
elastic "bouncers" made of cantilevers, beams or strips or pre-curved nonlinear stiffness

elements shown exemplarily in FIGS 12 and 18) 408" and 408" that come into contact with the
mirror when the tilt angle © is larger that some prescribed contact angle value 8.. The

following discussion of FIGS. 4-11 refers specifically to bouncers. Coming in pairs, the
bouncers are preferably (although not necessarily) positioned symmetrically refative to (i.e. on
both sides of) tilt axis 404. When contacted by the mirror (state b), elements 408" and 408"
invert the mirror movement because of the increased torsion stiffness, as shown in FIG. 5. The
nonlinear stiffness element (made of a particular material, e.g. silicon) may be designed and
optimized such as to achieve a particular characteristic (bouncing effect) in response fo an
applied actuation force, using well known rules.

FIG. 5 shows schematically the dependence of the torsion stiffness (moment) M on tilt

angle B in the device of FIG. 4. The torsion stiffness is composed of the stiffness of torsion
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second slow stage between points B and C defined by a time TsLOW and

a third fast load stage between points C and D defined by a time TLOAD.

During the slow stage (in which the mirror is 10 not in contact with the
wioiiees)sihe mirror rotates with an almost constant angulapygl@citsiivats7

is determined by the bouncer and the energy provided by the actuator.

The strain energy stored in the deformed bouncer is transformed into the

kinetic energy of the mirror. During the fast stages (i.e. when 8 > 8c) the

axis 40MUHAr 840 GaptaGiWEhhe bernernang e knats eperidy DfiHieuRiy @) When
transformed back into the strain energy of the bouncer. Since the stiffness

the miwh Sotitectschnberisanuch tree Pthal chidstiiterss tlafecbbsidhesippetnéthe M
additional angle GmAXx.-8¢. that carresponds to the defarmation of the
V5. © S ah TR A TERTSr (P S (80 IRD Biear i SR s

for the Somuatéuy pfibedperatibmalgmdde of the bouncing mode mirror, as

Btk ko anarhiangd nmoedelaibn e odey Ahing a
arnea reference above, Incorporates a 2 co tact eyent between the
tilt anglfirforanidmiblescoesnenaimIsnowEdhI bdimemiceint Khdan Curve 602

compriEeeISIQR T Qﬁ%@%ﬁ&?&%ﬂﬂ&ﬁ IGi Ahe8tiifaessaf 1he SyrRia@ise Trey, 2
angle dependent. FIG. 7a illustrates the time history (tilt angle O { .time t

second RlOW ARSI BFSR BB R GOhbEImRidhdiBR Seamafisy fdafgh stage
betweda Qg aydP Humndd miheritry DyapdiRameae rgierenge. (helsich datiofror is

._uses a piecewise constant-in-time voltage actuation signal marked by 25, .
not in GRYES) D) B S el S Sl RS T SO (R RS Sclociy
that is tdietoguitsedaingtbetimende peddbncacyeanidadiyeloe by tisvona dilsatyain energy
stored $2 leetad%%b %Q&H%tfsa&%i& E&H@d'ﬁﬁot% ﬂ?@@@ 9&&&? Qf ﬁ%arﬂﬁb_'f%uring the

%requency of the mirror w on the deformation of the bouncer. Starting from
fast stENEG.yaklentBe-fisgydrcyisa inaacdunctioiloflibédmuacendidfokinatiornergy
This property is Ve% useful for the control of the mirror frequency and

of the FeirFRdsHENEATMGOPIGE Tovhe SRR GR BealERChIP SRS gierSiigRess of
) ’ I " ' 0X

e vofFYY S ESRRDSA RS ok B, LS Y R B0

that co2f¥8dhdd 1B RIETHALAAN6HIANE Deuicénio hagh soatial Hhehiuitit dfitteangle of
the .rescz%}ant frequency through the control of the applied voltage permits the
chronization of the response of a micro-fabricated device with a video

 sigrsatuiidrg, healitysoithoredpofide Snonnin e mrnamﬂaiynﬁeﬂted in FIGS.
4-6 an%“%aéﬁeiﬁ%@a%%%&’é’ BAN0lG 'ﬂﬂé'f%%ﬂ)i&)% delinedy 1beralia M}%M-Eﬁcorporates a

etween the stiffness of the elastic bouncer MB 5 and of the torsion axis
contacheHeBtpFECMTATARTEI 48 ipstivis patisvafoleviehis e aqypeng cvent and an

inversion of motion. As shown in FIG. 3, the stiffness of the system is angle dependent.

FIG. 7a illustrates the time history (tilt angle 8 vs. time t dependence} of a bouncing
mode mirror motion obtained by a simulation. Details may be found in the Krylov and Barnea
reference. The simulation uses a piecewise constant-in-time voltage actuation signal marked by
(dotted line) V and applied to the electrodes, and the result (full line) is a triangular angle-time
dependence. The angular velocity is practically constant. FIG. 7b illusirates on the left the
dependence of the natural frequency of the mirror w on the defermation of the bouncer.
Starting from some value, the frequency is a linear fimction of the bouncer deformation, This
property is very useful for the control of the mirror frequency and permits the funing 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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hardening of the bouncer or alternatively by the softening of the torsion
axis. The natural frequency of the mirror is defined mainly by the
deformation of the elastic bouncer and consequently by the actuation

woohages g is practically independent of the stiffness of thepd@rgiomaxisss7
MTA. This suggests that MTA has to be reduced to a minimum. This
reduction can 10 be achieved by the design means and is limited only by
the requirements of the minimal outfof- plane stiffness of the axis. FIG. 8

voltagdlbestralesHbeme dTisto itsohihefeguiing @esuah - amed MA Ihfied voliage
oximity of.the mirtor edge to the electro results in the increase in th

. 0 S
vermit e StpchrniEAHaR o e e ST IR P ER T R RO G S eu
totdefquaiithie dothncesmmdeinuertthia Wlbcity, Taeehb hitathcagne gyistoredion
e 1 ' sfor I a,r lling force.acting on the mirror.
i 08 TOUAE IO 1 S 1 80 DR She v,
and of dhsctpsies ¢etIahdhin mirproRmity Anotlerpeasrii thés zetifevemenadfivery by the
hardenis reReNG O ce SR Ihg; SlecRSIAl G AUUAR LG BrshaWsis. The natural

chematically yet another embodiment of a bouncing mode micro-mirror
frequensy gkviee SB0%ctorSiydomhr Sk tbindeRienting MG, rude dbruprgr and
conseq@ébbuBeets Aiaaos Wdgds atbehethigAinlR80nsteathoftdBess of the
. _substrate 906. Bouncers are now mohile, in contrast to houncers 408
torsongtyfs Vs, RO SRR ISRNT RS e L WA Ship ATHBDT TGS reduciion can
be achiavvdbyate dfstpisnemnfiguddtidimided sifyplertabrigatiansprooéss; sidmal out-of-
plane sﬁfﬁd@ﬁe&?tﬁgéﬁén be fabricated in thg same layer as the mirror (e.g. an
active Si layer in a SOI substrate). As in FIG. 25 4, (a) shows the mirror

Fefore itvstiglse Shnbmsebitiene chibu gisthing eowetiprananioyisMovikherwroximity
of the MG dB.EaD ARt MithtRe:SehaiaLe MY oMgB: e PANCSLFIE S ROWS e tive

(a).schematically yet another embodiment of a bouncing mode micro-

electrofiafio foesA deran 6t e toHsLIA RSP RS BR teceR a8 rimYeTt dbexelogity. The
elastic ﬁfmaigp fe*;dﬂ:‘«ii(i@ m@mﬁsaswmas@é@m agiditionpkpais %rﬁ%cg%ﬁﬁg(&ﬁﬂé/%ﬁmn
to,the first pair) bouncers.1002' and 30 1002". re pairs, of bouncers with,
The oo RO T SRt oo (RE L TR, SEe OB dtpe In 2
proximégiditietalppairt. o mbéreiROR cinteip2'barepybnatidedes hanag e rerostatic

actuziobontact 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

S O Rbgtiratbpmaivelbareseeothn andedingt 2006/08KdEmode micro-mirror
device 5’@”&8@1@@%%&&%@&%@%&%1@@ ?,QQQSW&E SIOPeT ISR and

. to the slope of the "slow" section and that o :
902" is attached to a mirror 904 instead of to a substrate 906, Bouncers 902 are now mobile, in

conirast to bouncers 408 (FIG. 4), which are aftached to the substrate and immobile. The
advantage of this configuration is a simpler fabrication process, since bouncers 902 can be
fabricated in the same layer as the mirror (e.g. an active Si layer in a SOI substrate). As in FIG.
4, (a) shows the mirror before it touches the substrate through the bouncer, and (b) shows the
mirror in contact with the substrate through the bouncer.

FIG. 10 shows in () schematically yet another embodiment of a bouncing mode micro-
mirror device 1000, The configuration is similar to that of FIG. 4, except that the device
comprises at least one additional 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 fo that in FIG. 4 is shown in (b) for this configuration. One can see two added
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the two "fast" sections. These sections show that the impact velocity is
lower. FIG. 11 shows schematically yet another embodiment of a
bouncing mode micro- mirror device 1100 that comprises at least two

wadlive; #dependently deformable bouncers 5 1102. An activeinogneaniss?
1102 is deformed not by the mirror but by an additional force PA" which is
applied directly to the bouncer (stage a, when 8 < 8c), independently of
the mirror motion. This permits to &tore a larger energy in the bouncer in

section®1064 %@;mﬂd%ﬂ@%@)ﬁ%ﬂl@éﬁﬁ'heéﬁw teath Si@ﬁé\k?f@t?w OFRULERiItAGnd that of
impagt velocity to zero, since the kinetic.ener the .mirror is not
tho oo, P AT DB D BT I R S B S e @ > Be.
S, 110 e eghrayiniasliy defoametich e theofbreentetdra hitsreivey gycde e cro-
. ireor. Fl h t] ac e -CUrv onlinear
mimror B D e R B RIS T S DARS Bpuncers
1102. Amgctivedavarendy Beladeanaebooshyudsdiirtpieblobnemgadsiicenairierse Pas
. . devices, of.the present jnvention, A "pre-curved" element in the present .
which i BpRed dirclify Io T PR (e, Bt 8k o R R SARofT the mirror

motion CURYAPLre habisnetd Maie erld s aMBNL dQQ S DEIELY BELIRRUC: A9iaNetric
that in an original (non-stressed) pre-curved state, . the gistance between ;
seve t0qfh RPEA QB GRS AR g@ﬁ%ﬁﬁ@%ﬁ?ﬁ% ST RSP G Eist e

mirror 5105 3BGhikd®4nl-ERANLOIRCEARSELYADLIANIAIANALWNCAINDIAGE  he

reachesa value P2. FIG. 12b illustrates the dependence between the
bouncenppivac:foy ceforamed telel drgationrisofs etenggrio Y200 Tdre dependence of

ﬁ‘%}?i%%%’%%&&%é&ﬁ% iéoﬂ&%ﬂ%ﬁ‘{ﬂ@-@ﬁﬂ[e%%ﬂ%?e%%é?ﬂz%&@&é?ﬂéﬁte(e. ga

Initlal shape of element 1200. In order to straighten the element

beam, acgfisiettly, BHihadletizanpdnihfa saick b dey reepdappiraipmoesivyssd in the
bouncitiGRiQNINear R 1be slementehorRARiRNGHCE 8pe.ClaRR 48 HASGO0MARe present
. ,|ae,al bouncer. The dimensions of a pre-curved_element of the present, _ .

toventigihj ARl BEHaSIGHE ARE 6P RSt LR 06 WisaPtic g is not infinite.
Elemertadciensticutbedincingletfecty ihiespanseitoman @pplieadariepre-curved state,

._Implementations of element 1200 a nonlinear stiffn element.gre

the distfs Seta R 8 S I & e e L B L iy emes
1102 mam.;bm@@ammwm@tm@mmmm@a dot fatetrbaimsingalue P2.
FIG. 19ORG MUY %%V&%dé%%gﬁcéhﬁéé&éé dgs ba%&ﬂﬂ&&%@@,@‘i“%%Esh%ft%%ﬁ@éﬁ&&% of

Invention connected to a mirror, This embodiment implements concept

elemengHafth ihtel derondoesd cel 1Boolepeapra s alaifura doRighliansalincan sod is a
functioR 8NN FANALSIQH DI INE: tRIFI0I3H:Bar %gs%%:%}?e@ﬁi th3Menier comgletely, a
r a

substrate 1306. Mirror 1302 is rendered electrically, conductive (e.g. by
theoretially e Hietelns A5 <0 fatRPEsH bE U e iy Bffeent
charactofi e fleclsedas ha38hndiddiolonatedns dilosweioNYoplapt(heley deshent
of the gr%&?nrta{gvgg’cri%r}hn%a? iigéotiesigned and optimized to achieve a particular characteristic
(bouncing effect) in response to an applied force. Implementations of element 1200 as a
nonlinear stiffness element are shown in the systems in FIGS. 15-17.

FIG. 13 shows in {(a) isomeric view and (b) top view an embodiment of a parallel plate
actuated bouncing mode mirror device 1366 that includes bouncers (bouncers) of the present
invention connected to a mirror. This embodiment implements the concept shown in FIG. 9.
Device 1300 comprises a mirror 1302 situated 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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WO 2006/131916 PCT/IL2006/000657 16 plane). Device 1300 further
comprises at least one pair of spring beams 1310' and 1310" that are
fixedly connected to (and in fact preferably part of the same layer as)
wiomsinnhars 1304. Beams 1310' and 1310" serve as impactooniingeaneoss?
stiffness springs. Device 1300 further comprises at least one pair of
stoppers 1312' and 1312" that stop the movement of the mirror 5 when the
mirror rotates around torsion bars 1804, by contacting spring beams 1310.

plane).'D@ﬁ@@(;IQ@@ HRenBOHNEEARIN ﬁhisa@thqémem %ﬁd@amschmmh@&&d mctjm" that

one end to the mirrqr. (of, to the, torsion bar of the mirgor), the other e

o 530 SRR Ry PR SR SO WIS SEIBREE SUTEIRE 1504

Beams eIf@ly Ahdtiaventuaty reversestthedsdineer soifftien, bYoingsinQdtisack3ibhéurther
Jocation of the bo rs (w i ' r :

oo R B oS PR AL By g

when thyesincomtstavemdemnivadims 1304 bndosteppessarmbarmsshidfinlirpssence,
the bounlas i BdECLARGDe A It d3(R) Shwstaispiing bRaddhahisnQbinsartagkion

with a stopper. FIG. 13(d) shows a spring beam during contact with

bar of dhsppErar31e PHISHEMPRS! HRe- BOSRTGHRGESNtECE iSe¥RsviviR 4 stopper,

buildinBigpl¥Rxapartaiegval; fovdlstradian-purpasesnobliudclts #48RoWsedbcation
embodiment of a mirror device 1.40CLWL'§th at least one é)&a\ir of 15 bouncer

of the RERRR AR TATI S RO T RUBRRARE THTE Zrtr ATy Bar B ieh
rotatioplatglecadtrpstativ acftiatarsa () dopacicverfokaheb(n) iSdihent sippsidlda are
I Ion A f : ' ' t) .
s BT EE10 0010 I SRR TSR RIS i
stoppeinii§). dAtichamhotrging bsamderie saniast Wil sormerd SingBabitading of the
beam ARERBLEIINESD Chararissialcs Mpau-REANAL A (ID:RaiS) es only.

substrate on each side, as 20 shown exemplarily in FIG. 14(a), Device

460 dbraprieesa FPBLTHSS ff FIdREIRLy L8 itk lrasbrasamr of

bouncé§§ tg@ﬁi@@btb@am 3;4@.4 &@lrﬁt@iﬂ%ﬂf@t@ M&@sawdbap?slladd éﬁrﬁf&?f@yﬂ}ﬁlﬁﬂaeblate
irection by one of two, electrodes 1410a, 1410b located in a lower x-
clectto R A WO oA SORTLE TP TR GTR Fep G of
FIG. 1$@intheanbddi2thiatpibclentyihed tcorsabsthaten 140854 therdlecidgetevesdis of
. lane). When more th n I . .

spring IS s SR TG TGN § KGOS0 AT IS Sings it
differegifisiémse Apracissisievmain bFIGEUaE i elrmirfo el aiseos s side. as

shown ZREDAHREER PREK: IR tHRy w0480 BARiS ST asime 1k dheDaRING PeRMkcted

is fixedly attached at one end to the substrate instead of to the mirror.
by at lqabosrRactiohiemtAr g dRcHLs R Rl cRdqdieddl wdiria thy. peee)
directifl By baSHONS bR Yigvaandigh(hciaedariclviaw an pratkadimenhehsinor

rotatesrx?}l%lii ?tnc%lntacts with its edge at least one spring beam 1412 that is clamped to substrate
1406 at the electrode level (plane). When more than one beam is used, each beam may have
different elastic properties, for example the same cross section but different length, as shown in
FIG. 14(a). The mirror deflects the springs and bounces back. In other words, in this
embodiment the bending beam is fixedly attached at one end to the substrate instead of to the
mirror. The deflection of the springs is shown in a highly exaggerated way in (c).

FIG. 13 shows in (&) top view and in (b) isomeric view an embodiment of a rotational
parallel plate actuated bouncing mode mirror device 1508 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 s sitnated in an XY
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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.
wiBeviea kb0 comprises a mirror 1502, in this case rectangubarriautitsoooes?

general of any regular symmetric shape (for example round). Minor 1502

is situated in an XY WO 2006/131916 PCT/IL2006/000657 17 plane and

connected by two torsion bars 15047and 1504" aligned along a common

plane #MIOMas FPRMARLBANAY LARN iR EiGratiaNEAe HRAS:)SRRTHARIGRN axis

of a sybstrate 1508. Device 1500, further comprises two pairs of short,
1505 angrruding 4Hs™ SFGATRAY D5 1680 N I 1Gb ERE 1B THST LI &l evice 1500

furtherl@eaiRtkin avewsiFPaftsbthe: fRicrtoheatran Sifkethd BN etdpI SUtinead 1510c,
see se%tiém 5 A-A view in EIG. 1115r£c).ajcrahx(le (ggsé%tbbgg&nalare respectivel

which E”cr)enlrcl)(gacl Eédl%fll 5?‘?’5’5&&%%‘ télaeir i this Sase two pairs) of E)Orpefsera%ﬁ?f sed section

A-A vievehaptd. Spxicg Beanfbdt3t2mant 1S5b2d eely d812biahbly 16 icettone pair (in
. I C ' lectr 1
s e B N o s e o o 220 128 and
1512¢ 6p CubEpiedififid RRoTe® JENBr AR P ECEuRUER  HeasHS FREgSCORBRSE oG0P
JocatePEAIRS 42128-30NRd 20,113 120apd 12l 2016 1ol 3aiang E5dAFePland more
1512b and 1512c. FIG. 15 (d) and (e). FIG. 15(d) show side views of
generalg R ALECY d) BB L BIERSH O B 5T %ﬁé%&%’@m@ 15124,
1512a cleCuestaliofasEbvehilel (4P shBiGs tfe() afdr @efoTmatisfd) \BHoendide views of
. mirrgr and one of the electrodes 15 re rged. th on.spring ..
sectioq A o TR (1) I A Pher: e e force
while (@)tshioms dhigheafirdefimiagon5 opposite direction around torsion bars 1504

afg SPMMAN.Axis, 4308 P ue 19 dhe,sHAgR P RIngn IS £ PHRY BEAMRe beams

have a stiffening type nonlinear characteristics required in orderto =~
1512 (srilreecatrisBlinensiheiorieldt i BwippusrAegiahnh P RlsHapletap mpiger in the
opposi AHEER fOL-EXAMBIS A Y rAsbNAL Ot her I SHs Vb NOD eatRtiénessening,

elements, for example V- shape, S-shape or Z-shape may be equall
the Cx, SRRBEICHEARS R G0 S EPTBRT R T DR CLTEe SRR oG B Tegpder t©

producdng(yuscmesaciewian emfiedindnheaf holbnbaeomhingsive-astdafedexampie
b cing. mode mirror device 1600. with pre-curved nonlinear, stiffnes

oy, A SRR St ATy ot Ok RIS LR RoD R o shepe o

Z-shapelermpbts=4G0Y tesdiBl Bidbntivatositistdepbdttveimlements 1502 to 1510 in

R 1% GRS ANGMAS &gk H002. K0 LQrRIoN. 0a1s 804081004 comb

elevations 1606' and 1606", substrate 1608, and two pairs of short 25
drive-agifgief: bewnrisa el aniarat dovicad&0e 1olb anet s iot 1opkRsa intHRs AR Arive
elemeRAERHIRG MHMNA comb drives. Device 1600 has elements 1602 to 1610 identical
with respective elements 1502 to 151¢ in FIG. 15. These include a mizror 1602, two torsion
bars 1604' and 1604" clevations 1606' and 1606", subsirate 1608, and two pairs of short
“offset” beams 16102 and 1610d, and 1610b and 1616¢ located in a lower part of the mirror, at
an offset b from the top surface (FIG. 16b). The offset beams are respectively connected by
two paits of preferably C-shaped spring beams 1612a and 1612d, and 1612b and 1612c to two
planar comb drive rotors 1614a and 1614b that have a Y-direction degree of freedom by their
connection to substrate 1608 through retaining beam springs 1626 on pads 1622,

‘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 1662 around

torsion bars 1604. Comb drive stator 1618b and comb drive rotor 1614b yield similarly a
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an offset b from the top surface (FIG. 16b). The offset beams are
respectively connected by two pairs of preferably C-shaped spring beams
1612a and 1612d, and 1612b and 1612c to two planar comb drive rotors

wibhdarandel614b that have a Y-direction degree of freedomeby ihfiis/o00657
connection to substrate 1608 through retaining beam springs 1620 on

pads 1622. 30 When a comb drive stator 1624a with teeth 1620 and a
comb drive rotor 1614a with teeth 1816 are charged through electrical

clockvaSNHEtRLs K68Panang: 1632 theisctenticipvl (it areenitieiedengibned

yields a counter-clockwise rotation moment of mirror 1602 around
S éﬂﬁfﬁjo

b) .
transfortn g, BaremEH 42 e o SBTS0EIY IS RS FoRaY: £6 g mirror
(bouncyiedefio)arhy erWR 2006113 191 6-BEH 1L 2D06/Q00EET 118 cgloskwisty, and that

otation aof the migror, The C-spring beam veanor%i ear stiffness
ormer 4 B e S ke Somgun ae e ey be
equallfinesdvifiovbemrpafethenimmbhdsduncing effect). It is emphasized that the

Griape SRUROS e 3RA At FxArPle \;Sl'&l)é:r anghihatal %%%_é;\%g B mirror

I
_linear stiffness elements, for example V- shape, S-shape or pe may
devicedd 08 withdnsplrnsrargoianedowrpines sefneseeirarents FIEG17781s60rs the entire

deviceaP@theresnbodinent of rlananeomidryen RRUNCRGMOSRIRN S rce in the X
,de\allgi% 1700 with in-plane pre-curved nonlinear stiffness_ elements. FIG,

directiqry £ (oS FROBR GRS Bo3iCRRERS MORelh StoL VBEHI HiRRe &1 thrawis from the

force ddivelotioh drisinehir geamdaingiplandd b XirdimatpatibiGyvilly e sbaswstricity b
. that as a rotation moment aroupd the jon axis results fro 10 force

o i SRS TR Deb At . B R B bR, A =

XY plasoastdeityebtedith isviotosinel dive it entd 564 alignBbalces 7@0mumon torsion

axis inGATRIERS MRt 2R IUARAR 30K PRne And cennested by ! #7300 10

torsion bars 1704' and 1704" aligned along a common torsion axis in

the X (and sishirestion gBiaataraydne PAE licered haney By thaend 1780n Gyiforces

17082 /30D, thecAang %) whirastion ety diavabepaiiaf curvetbeams 17064
1706a and 1/06b forces 15 1708a and 17Q8b respectively) or

b
curved RS 195088 L1850 AU, eREEr 706 D IKA DHOBG LRy Ulhneve @
combily dofoas 7 @8e]ihZA8difespe clivedy) . (Whan withedcheamab/dadeee-a1802b

s TR ey P Sl G S e o
effect. Thisl@boanthicitylbrgvifles eppesticpfordewretoreaffectettenddition(dtigel 708by)
o ROk o il AL SRS 2 O v
directi BT SR RS oM Gh G s P I Iz Eifeitiomy 1704
creating §i5taRe8! MolAdheralal eheaxiabai04is.

A driver (e.g. 1730a) includes a rotor 1732 pulled by a stator 1750. The rotor has a X-
direction degree of freedom as it is fixed to a carrier beam 1734, The carrier beam is connectad
to two four-beam flexurss 1736 anchored {o substrate 1710 at pads 1738. The rotor and stator
are charged by conductors 1742 and 1752 respectively.

FIG. 18 shows various shapes of nonlinear stiffness beams that may be used in the
embodiments of FIGS. 15, 16, and 17. These include (but are not limited t0) a C-shaped beam
1802 shown in (a), an S- shaped beam 1804 shown in (b), a2 V-shaped 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 2', a").
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creating a torsional moment around the rotation axis. A driver (e.g. 1730a)
includes a rotor 1732 pulled by a stator 1750. The rotor has a X- direction
degree of freedom as it is fixed to a carrier beam 1734. The carrier beam
wie capnecied 25 to two four-beam flexures 1736 anchored tecathisii@i8ooss?
1710 at pads 1738. The rotor and stator are charged by conductors 1742
and 1752 respectively. FIG. 18 shows various shapes of nonlinear
stiffness beams that may be used irthe embodiments of FIGS. 15, 16,

a1 79 I}Jﬂﬁ:&@) aﬂﬂem&ﬁih ﬂ%ﬁ%ﬁ@ m%igii%%ﬁ@ @i@e(%laaﬁ%‘é& laheaiﬂa &de micro-
. snown | -S e eam ] shown In a _Vv-shape eam .
TRITIOL 6"%?%@1 Tﬁ@%@ﬁ&%ﬂwﬁ’m B’é%é%% obih MRS $Aasdptails of
that visuclDeeam90é applitsticndbafdsde (shownedbihampws)-6hangesdhexis) 1904
I re.and shape,.fr a state.a' to a state b'.(shown f ,
to a 18 TD AR SIARE RS e SRR S S A 00834, which
together WO 200811 3Eeth6IPTT fR0061000BE 7 KOEIGTI® &hovestarther comprises

stator SRROAMRO P2 VAItieal MR dHve Actuates Royncingm r@%.g%n use, the

mirror device 1900. FIG. 19a shows an isomeric view, while FIG. 1

activatipppfcenhdrivssierad 98 sl ok fherrab oasivpiveasds HiRds ash25b on
respecBORREEIRAITTALIG OFSION SPENGS (3168)oE 04 niRBrl AR 4 906t Which 004, To

the micror is fabricated, The mirror has four arms 1908a-d, which 5
revers L SIS L EORS L LR P RaromeRe Hheds 1925,
1925dfortheraorprisemdci@bidc otz duves thoidelcskot sinplditonbhsetehifuctive
owd J b..n use, the activation of comb drive rotors 1908a
pad 19 e e R e B RIS i s .
that arpogorgesird Yadariccarsepsebtaionar s HISa.abo(ind threigth dkés 1@0rror).
Additi3i1 35‘{%%’%?%E%%Izbg%@&égyﬁﬁf&%ﬁ}ﬁ%%%%g%ﬁ' t%neo%%&%exc, d.

con ve pads e, 10 1925d on stators 1914e and 1914d. The rofors
When ghe méanids Bteharged iRriaarsdchiffudssasgdd € srrap sinpectotot shown,

but lofaiebeemipitesatieasiane RIEPEDANERD SPHRINEAMHESLE, Balsing the

that gare connected each to a respectjve rotor agm 1908a, b (and through jt
bounci A5 R A RSB 0 N gt 1o o b il
to thosearfitee texbtalirotor BrFIS 1 908thdmMires sheatadrsobisarotdle diaraunsklease hole
1 torsion axis 1904, beams 1916 contact stoppers (not shown, 15 but
" located for example on the handle layer) at the end of the mirror rotation,

cBlishnd e hounrshepethesembpdintipteftheofierhtiontaddvouticiteg bouncing
mode SHGELIRRISRBHROMMEHEETS FD LI 1eSERLINE,RRdImMRNLINEI Gy sets

13. The mirror is situated substantially above a release hole 1929.
of stationary (stator) combs (stator), one funchioning as a bouncing mechanism. FIG. 19¢

shows a micro-mirror device 1950 with a first set of stators 1952 located in the bottom device
layer (see below "second active layer” 2006, FIG. 20). A second set of stationary stator combs
1954 is formed in the upper device layer (see below "first active layer" 2082, FIG. 20).
Movable rotor combs 1956 are formed in the same plane (first active layer) with the second
stator combs 1954 and with a mirror 1958.

As shown in FIGS. 19d and 1%, the electrostatic force (moment) applied to the mirror
by stator combs 1952 tilts the mirror up to a maximal angle (e.g. 10 degrees), When the mirror
is in the maximal angle position, the rotor combs attached to the 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 ave located just
above or with some overlap with the upper device layer G.e. with stator combs 1954, see left

side of FIG. 19d). The additional set of stationary combs 1954 eiched in the upper device layer
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FIGS. 19c¢-d show yet another embodiment of a vertical comb drive
actuated bouncing 20 mode micro-mirror device according to the present
invention. This embodiment uses two sets of stationary (stator) combs
wistatar);pne functioning as a bouncing mechanism. FIG. 19gcshoyessdooss7
micro-mirror device 1950 with a first set of stators 1952 located in the
bottom device layer (see below "second active layer" 2006, FIG. 20). A
second set of stationary stator com¥s 1954 is formed in the upper device

acts notRYRI A 888rRRIE ellishiaeliva:laye hrdR0Rnfolr? @) 1Ro MoMaRIS Feeke to the tilt
combs 1956 are formed, in the same plane (first active layer) with the _
of the G AP BFBLA S5 P8 TN b FOPREias- ALISHBRAH feRgsto a bigh
angulatl SckalRehiOe cththelediastatiestaroef{mamecii) cappliad 40 fhetmingilabyignal. In
... Statar.combs 1952 tilts the mirroy. up to a maximal angle (e.g,,10 degrees).
traditi e‘ﬁemgiﬁﬁ?%%rgingmh%mﬁ?&ﬁ%{é I%ﬁg‘f’e %%9 Foriﬁ1 %grclns[oartc angmgmﬁ angle
positiontthchedntes tre lvisted Sreduside divithicothe 80zcaed apfphiottiom dytbe moment in

the oppgHo a%m@&ﬂ:%é%e@qﬁ%g%@g@% h?éigsrés&mﬁv%@&ﬁ"ﬁesiﬁsu% Sactive

mirror axis 1960, the movable combs are |evitated in such a way that they
layer stgtarodaseHnStoNissyEbemRREAsIS Ehovariag afferthiupisarieviconbuting to

a linead k@ WIHT SlatRRGANDS AB5dnsee left side of FIG. 19d). The additional set
of.sta/%’onary combs 1954 etched in the upper device layer WO

Fabricsiag Y59%$% pCTIIL2006/000657 20 acts now as a bouncing mechanism
thae cancapplirrarmnosae bt inthe flirectidnuopgosite WOhextitrof thedwirror fused
' whe misroy is inthe imal angle positian. This.moment.leads.tp a .
togetheﬁi é“ﬁn%t@]gﬂi%ﬁe‘g%%% eez(ri'aotfofn@%? t oear%elﬁgo{rar n%?cggggff Tor et E?celiaﬁe%n(%gﬁg ofetve-
layer §Ré whingular sigmalain falatisdemaipvertsabEaniowkina coodig titatignsicro-mirror

using AMIEBIINGMILIALLE SHHGMAMALANGISR;Ps4ition, the combs are located

far outside of the comb area and application of the moment in the
IppoEiE i BRRsraG TSt Hh Vokbedctiveray T SR hvirfe it accurate
fabricatht®: HobkieBatues RYek SOt IH GBI OIS RS NEQESSARE aligned to the

i SRS et o e g, I 0 alnec ol AL s e
alignmenhhefacturkgta stagitwothhighafershetisied antuseditogethefimh BQtes.
R R I L T T T ——
processiegindihg Rsotestitinganfitroastiveolaxssid8id. dolisesauific dalpre SO My afeecond
active B:R09DY) B1G.001 IyepaYi-Ne BREEN IRYRRHORMSES:22010, and a third
. "double-active-layer" SOl wafer in an accurate
sacrificial layer 2012. Third sacrificial layer 2012 is used for patterning the areas that will be
removed underneath the mirror and actuators, The three semiconductor layers, first active
layer 2002, second active layer 2006, and substrate 2019 are electrically isolated from one
another by layers of sacrificial material (silicon dioxide). First sacrificial layer 2004 is located
between the first and second active layers, and second sacrificial layer 2008 is located between
the second active layer and the subsfrate. Each active layer may have a thickness of a few to a
few tens of microns.

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 2 blank metal layer 2102. The metal is then patterned in (b)
using a photoresist mask 2104 and a wet etch is used in (c) 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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15 fabrication process that does not require wafer bonding. The backside
etches are aligned to the initial hard mask etch, as described in FIG. 21.
The more accurate the processing steps and the alignment between layer

wieatusasdhe higher the precision functionality of the final dempiges.2kd6008657
shows a representation of the initial double-active-layer SOI wafer prior to
processing. The figure shows a first active layer 2002, a first sacrificial
layer 2004, a second 20 active layef2006, a second sacrificial layer

metaQﬁDﬂse&cﬁiHﬁmeﬂbS\tmﬁ@ 2019, andaaoﬁﬁiwzswsﬁqiaédaa&ﬁ €0 tR metal and

ificial layer. 2 d for patt that will b d
o o R R oT ARl BB T 1 G E R ORGP BT AL bed

in (elactive Waiﬂngﬁ@@emmaémmmﬁ@w@am Buizsteater2d 1o ahe backside in
(1) arfdCoRERANMSS gl@tﬁéjctg&”?n ﬁﬂgtﬁﬂ Y13y {?alo §,a rficial MALSHAl o tive jon
64 Is lo 5 e firot

(silicon dioxide). First sacr icial Tayer cat Between t

e‘fchl%éﬁé@%dﬁd%)cwé [BpepBorRisb b AdiRRRd i ABhpl aysr 00833 1dcefteliotoresist s
depolRVERN pEReBBEORGIACME Ry aland dha Sihskiels i achactiv e,y QERIAY time

. have a thickness of a few to a few tens of microns. FIG. 21 (steps a- y)
RS RGWRE AeAS ot PR BRoEEYor fabicHhFiie BBJH%@%%@“ﬂl a’deep RIE
(DRIEleptsostatic iy mi mmrr@m uﬁmﬁbmv@ezrmrmtr@@tm shawdwiRdsbeotively

0 b th iti blank metal lay; )
e o B TAREI AR I8y S G BBISIECs il 53 copli
Resishddl4 waresteched ms(ed),nax(at)h@ $0bﬂhraémsrm¢}:méial(ﬁlﬁﬁmDRéEchﬂﬁahe second
sacni?ﬁﬁt%&algsr&%gédfo £ &lt?o%éﬁe &E{ﬁc‘fi’ﬁtﬁ@g{%rg‘w eang%ﬁsR?E Imygjr) and the

low-préssure chemical vapor deposition (L con diox

DRIBis romplefen whppbrBuksacemd w@)ﬂzeré)mlzﬁgmblﬂ@wmn@eb@@d@é% 21(g),
the @afem@gaﬂ%ébe&@@s@%@f the wﬁ@ﬁa;g(@a@aﬂsoaw%ﬁy&f iR ath  Also

tect th%metal and_ to form a hard mask for the silicon active layers.

gkl AT JBF TR Ao BRE A S4B 0 T ) T8 EHTGTRRpRent. A
photopsést apel 2 pldtosesisiiayetpditi2 is p@,t&@mdmn ﬁa&é@@%ﬁﬂ@ inT{f} and active

ali nedt the The third sac fI.C er is e
e e S LR ML % (MO BBl T e r0- 2165,
the smwdlasyenﬁmh lef phiotetelbist isitddidsitesl ARIP atteirriedlion(mketh 1) sthie about
naireHYrd Sagificialjayenis eicbed for 4 sgeo %oqm%ﬁvgmﬁg%rg g USI this point

patterne photoreS|st The substrate |st en etc wit

photofERIER Y0 44E i Aripprdandepth DL atohidronsdrioy Gzl By éma 0y second

sacriffhigVaiRsPacivaticim RagksitePhRRIORsiSiRaIng, SHIBRAG 24 aRBSal step,
ayer of photoresist 2116 bei applled 10 Resist 2116 is patterned in

FIG. 115021 frest Bt rg@eﬁegérmﬁm%ﬁwmé Rtk dhe sreder is diced and

the sacnﬁmal layers, along with the deposited LPCVD oxide hard mask, are eiched in
hydrofluoric acid (HF). At this point the rotor fingers 2142 and bouncer spring 2144, stafor
fingers 2146, and mirror 2150 can be more clearly seen. As the HF etches the first sacrificial
layer, the second active layer scctions 2148 that remained undermneath the rotor fingers fall
away from the device between the stator fingers.

The invention described above facilitates the formation of a triangular output signal for
a scanning mirror and other devices by a single element (bouncer or pre-curved nonlinear
stiffness element) having a stiffness nonlinearity (in the case of the bouncer a combined
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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sacrificial layer is reached. The second sacrificial layer is etched with RIE
in (0), and the DRIE is completed when both the second and third
sacrificial layers are reached. In FIG. 21(q), the wafer is flipped over
wagaisandgptionally placed on a carrier wafer 2130. Also highlighted @igs7
the back etches 2132 formed in step (p, q) that allow for mirror movement.
A 15 photoresist layer 2140 is spun on the topside in (r), and shown
patterned in (s). The first active layer is then etched with DRIE until the

proxh:rﬁﬁrcg?dﬂ?@%ﬂ@&&%ﬁ@&ﬂﬁﬂé@%9%%&!%%)%%;&9‘\?@llt(#icest.h%"%SGDOO cer. transfers

sacrificial layer is etChed wit etclis then used to etch about

attractipia Flheiyolatieyioreanjo2spslians fiycasrsudhrtrie subend crstva lingeren ty)pises.
ElectrdBiatRONEDRIRISSIEh VR0 A% SitRIRGENA fRRIE etch is used to

%ch untjl the first and second 20 sacrificial layers are reached in |

s HRERVe RPTASIAESs PRiCEESHEEnBWhTT (7). Prth S%idkcstaperiively used to

fabricaR1{X)rdbd 8 gefianaiadMEMS iedddodhesharksite ohifeowates: theluding a
. wafer is diced and the sacrificial layers, along with the d ited.LPCY

o B e o 2t (P AL oo BOIGRR Peen

applicateoMingeds 20.4 20adated ot hberc RNg, 204ith stmiocofimgats] 2b46n drydreference.

The ﬁl?grﬂfsgﬂé(?sﬁ@{ﬂs@&@%% %'&ﬂ’&l ¥1§€§§“T’B§ Jﬂg 4_1* %@%&?ﬁé@&f{@ fa?(f‘ @Eﬁ' S]?.Lafer

layer, the second active layer sections 2148 that remained underneat

enablegifl RRABAKg B RatioRRI BB daey et Beawar vale handimgngdhs tarkside
etches H¥eMiaRdeseHliamiaboye faclitates hedermation fadtianeanipetc. 21.

™ si%nal for atgcannin .mirror and other devices by a sin%![e element
e m

h :
AP B PRSI S SRRty Fndy AcBiiiFbRgoessarly
mean higineatityotirfitheticasieobitie: Barhderieecombined 30 nonlinear stiffness
ith the rest of.the system). . The dependence of resonanj.f, ency o .
g B T R T S B e e 0

double|8fesubsigric in shpparaidl @laRkaaHervicad2dMlowdiprsss theyrikeorestsribeommon
with dMBEY SRR SlgCiipds Whenit %Iéﬁé%}{&edégi?ﬁﬂ'&?&vﬁb%% EXNIBINRG: the

_pull-in, since the stitfness of the bouncer is very high. The W

bouncingsehepTE HETTHE SEIEHO 0Bt rsEs. sty criidhe setratial fiffrureces are

descrivdevielepnatydarge foreas. Bheobainsasdiansiereatbeetivepelrel astglicn two
forges tq re@ellin forces, so that the mirror is actually driven by pulses
t

I .
mechaital TSIEHE (RNER PO R AR IS LBLB S S R i TRt one of
springsdtii euaf_lid')re layer$Qlis Lﬂﬁ%tait&iiﬁeﬂFd@ta%@ padyshie aiS@p!;bﬁAﬁhﬂMQ{y 418ed208.
The 1?(1211:%1‘15&11:%8 %%a;ga% rl%g% rniiggzn ﬁaﬂzggefl\aﬂlg I\él(? {?_%:58 cl?el Cgo%:toavt{&etla!tmgc 2210

micro-mirror, Including’a minor without & bou cmhg me arﬁsm, as CSTPeaﬁy
that allgesdiitiad nf 08 Riovisiots Retbnstatic actuator that tilts the mirror includes rotor

fingers 2212 that are coupled fo the mirror and stator fingers 2214 that are anchored to
substrate 2206. The vertical offset between the rotor fingers and the stator fingers is more
clearly seen in FIG. 22b. Attached to the anchored stator fingers is an electrical contact pad
2216 for providing actuating power fo the actuators. Note the position of the interdigitated
fingers of rotor 2212 and stator 2214 in relation to the mirror and springs 2204. The mirror and
rotor 2212 are fabricated in the first active layer (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 removed to form a release hole underneath the misror
and actuators.

To emphasize, 2 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
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application No. 601550,850 dated 8 March 2004, which is incorporated
herein by reference. The tilting mechanism uses vertical comb drives.

The use of the double-active layer SOl wafer enables an accurate
whiabsigatiosprocess that does not require wafer bonding. Thedagksisignddds7
etches are aligned to the initial hard mask etch, as described above with
reference to FIG. 21. The more accurate the processing steps and the

alignment between layer features n&cessarily mean higher precision

o retuﬁflQﬁ&i%ﬁlgytefi@%ﬁmﬁ'%@ﬂﬁﬁ?-ﬁ@ iﬁ%fe?arléfa\ém@& @&&J%ﬁg@ﬁt@&ﬂ;&%@d

mirror device 2200 implemented in a double SOI substrate iIs'shown In

above piegvisp P BiRNEED PobEshsp meiomaRy ErérschirricrrdhT 15 fprication of
these WEBNC® 39000 flreabSs A dsprocess:avanaps thaldessribed BLECwith the
o é‘%{. ex%e})t for the bouncing mechanism/stiffness elements processes.
MUPHEES é’?S?ﬁﬁtﬁIf’é &858 Rl differences are described herein in detail,
DevipebZ2@ibesmprises adpaam? 207 suspandeshbetaden o specification are
. mechanical torsional springs 2204 which are anchored to a substrate .
heren O O B oIS St o0 TS RIS & IR Spront s
each ipdividetipaublitaiian amptisdompeidrdrepr2i2a@802 VI eneafenlly beldwindividually
indicaBSKSIGE QR MO R202 iyrameved (6.9 a&ﬁ?@&@cﬁ%@fiﬂvdggégn #G8on of any

2210 that allows tilting of the mirror. The electrostatic actuator that tilts
referenfss i ifisr MBKRISS ot iRy e oonsrRd: atr@t adptisaies that nansbrrafeaence is
availaiStatopfingersehitdibataievafehored to substrate 2206. The vertical

offset between the rotor fingers and the stator fingers is more clearly seen

in FIG. 22b. Attached to the anchored stator fingers is an electrical contact
pad 25 2216 for providing actuating power to the actuators. Note the
position of the interdigitated fingers of rotor 2212 and stator 2214 in
relation to the mirror and springs 2204. The mirror and rotor 2212 are
fabricated in the first active layer (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

removed to form a release hole underneath the minor 30 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 minor whose motion is
stabilized and restricted by the mechanical springs that dually act WO

2006/131916 PCT/IL2006/000657 23 to return the mirror to its initial

position. The mirror and coupled rotor fingers are suspended above a

cavity to allow for unimpeded motion. Utilizing a single wafer for the

fabrication of



these MEMS devices decreases the chances of alignment errors that will
occur with the multiplicity of process steps required. 5 All publications,
patents and patent applications mentioned in this specification are herein
incorporated in their entirety by refefénce into the specification, to the
CLAIMEMe extent as if each individual publication, patent or patent application
was specifically and individually indicated to be incorporated herein by
reference. In addition, citation or identification of any reference in this
1. applicMipaxisftiefveeansnaed astisal dganssionntisinguch reference is
19 availahiemas ppitaAit R HeBIRSETHIBNSREON.RE to-AMRIh A MEMBA angle

5 c?l paratus for scan.ni_nﬁﬁm optical beam comprising: a. a mirror operative
roungs &'FfSH?E%?a??Sﬁa otion to a maximum rotation angle around a

nitirror retdidencangsraatianisrbopsTeing rectamism openativedosptaideadreverse
said rOBHAEINBHERT ARELOURISRSRIAS %%gﬂllmo%%m%gegé 10:2%18he first comb
. _bouncing mechanism includes at least one first comb  drive stator;
drive siaireby said bouncing event provides said mirror with a piecewise linear

respoaise stodastuativiy lkydntrinsidaby sailineasfaites RictbRiMEMSer response

to act WIRRAIBINR/RLRSAPAIG, AL optical beam of claim 1, further comprising an
actuator operative to prOV|de said actuation, said actuator connected to a

substrate. 3. The MEMS apparatus for scanning an optical beam of claim
2. 2T mreinssaipbaciuaterr Bekides anvestical somb ArvaACURIRHaMIRGALing an
least one second ¢ _drive stator in a different plane from a plane o

b
actuatgl SRR B MR SATOR TR RS SRS IRTOF LA S

optical beam of claim 2, wherein said substrate includes a double active

3. |a§f?er ﬂﬁW' é?éﬂdl@?gfs é@é\QEagSHP%E)%E%i Wgﬂﬂﬁ %ﬁﬁ ZS%W\FE E%%%ﬁ@%ctuator

. drive stator is fabricated in a different active layer than each said secon ‘
Includes Ay AHGE SRits B VPRAMERIDARaraiRIR RaskiRy areBcaiseaior in a
differeaf plaim 8yrwhereaite sdicavue fisatoatbidkivergctuator includes at least one

rotor co-planar with and rigidly connected to said mirror. 6. A MEMS

a%earatus for scanning an optical beam comprising:
e MEMS apparatus for scanning an optical beam of claim 2, wherein said

substrate inciudes a double active layer silicon-on-insutator (DSOI) substrate, wherein each

4,

said first comb drive stator is fabricated in a different active layer than each said second
comb drive stator.

s, The MEMS apparatus for scanning an optical beam of claim 3, wherein said vertical

comb drive actuator inciudes at ieast one rotor co-planar with and rigidly connected to said
mirror.

6. A MEMS apparatus for scanning an optical beam comprising:

a. a double active layer silicon-on-insulator (DSO!) substrate having a first active
Si iayer, a substrate Si layer and a second active Si layer intermediate between said first
active Si layer and said subsirate Si layer;

b. a mirror formed in said active Si layer and operative to perform a tilting motion
to & maximum liliing angle around a mirror rotation axis; and

c. a vertical comb drive actuator having a first comb drive actuator element

formed in said second active Si layer and operative to provide said tilting motion.



a. a double active layer silicon-on-insulator (DSOI) substrate having a first

active Si layer, a substrate Si layer and a second active Si layer

intermediate between said first active Si layer and said substrate Si layer;

b. a mirror formed in said active Si I§9er and operative to perform a tilting

motion to a maximum tilting angle around a mirror rotation axis; and c. a
5V tic@ drive actuator having a first comb drive actuator element. .

o e BB R BN ST A &0 G g verica
comb gioRcREey af e EMS eipp araplanforwitamningigidh pticatbiedrto afaitaimirror in
one sdid MREERISTAHRIIGR GomBKEKE NSIHIRRALIEASE ARG RINCORB D ayer

with and rigidly connected to said mirror in one said first active Si layer,

and at least one stator formed in said second active Si layer. 8. The
8. MM B 2igbarptsdimsJoasnargiag eptigaldacanrof claimb, fufifeer comprising at
least £EMATIIPGAL (3ARLARAICALSAIRISAARECHDY AR mixer osite

s%es to Eai substraté.%. A tilting mic%a-%]irror%brmeggn ta sd%%% & Sctive

layer silicon-on-insulator (DSOI) substrate having, in order, a stacked

structure of a first active Si layer, a second active Si layer and a substrate

S layer and actuated by a vertical comb drive formed in.the same DSOI
9. SA'¥ 1 >am

substtﬁg}?e,m\({/ %r@i‘ﬁ%&%ﬁ%%‘igf caorr%}Bu ?ﬁ/eaﬁg(\:’l%cj‘g%eét ’?S%?S%%EPS@?“’" (bSO
substRieniEYING i fest activeksillaertrel oft fetist eetvetdoisiemedtraaidactive Si

layer S6EQNELREINE Silaxas: BAd TARURSIONETQEQkslaighdh WhRIeis8iin the same
DSO| mugcggaf for;gu?d in the same actlvgla er as said at least one rotor, 11. A
SHAN G roP EOILARG USSR IR HOKE HRRE RicRaPbgnE retdifiges in said
first agstenfiitaytornddincad ousl etattiviertagdiisiisonserssattitier $DS@L)
substrate having, in order, a stacked structure of a first active Si layer, a
second active Si layer and a substrate Si layer, the method comprising

the steps of: a. providing at least one vertical comb drive having

10.  cOmbrdeivenelementsdoirbeanirdwinrcivecsidayareeisaid Bl active layer as
said &8 §{r81’%:r g 26 b, using said at least one vertical comb drive to tilt said
reflecting element, thereby controlling said light beam path. 12. The
method of claim 11, wherein said step of providing at least one vertical

11, cambetflByedoEBerbiingaid DS SuRSHPHE hRetdRSiected by a reflecting element
formed in a double active layer silicon-on-insulator (DSOI) substrate having, in order, a
stacked structure of a first active Si layer, a second active Si layer and a substrate Si layer,
the method comprising the steps of;

a. providing at least one vertical comb drive having comb-drive elements formad
in both active Si layers of said D3OI substrate: and



I. providing at least one movable comb drive element rigidly connected to

said reflecting element and formed in said first active Si layer, and ii.

providing at least one stationary comb drive element formed in said

second active Si layer, said movabiand stationary comb drive elements

being elesiigssaticalyleastuatedveriyavigensaighil. {3« hametirdidpl element,
thereb I%uor_;[;,ﬂ;lorﬁmfgirstar}E rnég[nb%%%sgag%g step of providing at Iegst one addlthnal

tationary comb drive element formed in the same active layer as said

movable comb drive element, said at least one additional stationary comb

12.  driNe plemenbprerialive tvidvidesr Resneingeveitd s aiddelrestical comb

drive felem nt. 14 %%M%a}%_anat s for scanning an optical beam formed in a
Ve THEUS e’rb%?i\‘;e SUREGT o T Etor (DSOI) substrate that includes , in

order, arstadtied strigetsireraf mfivsblactiveb Sidayerlemsatogdigativen&ited to said
reflect/RY SANChRHORHALR Bl 18 IDE-ARRARILFLOYISING: a. a micro-mirror

formed in said first active Si layer; and b. a vertical comb drive operative
td impa®'q ity Fhétrsh RS HGRARGS-ARAEr dHMe BSMBASIREefotbr i Fecond
active figstistators alth eneiraisiai chrotastitideeme dogitirehansssodely ineprjtsfstrostatically
| ar id first stator is formed entirely and solely in said
aduatgggééﬁéggg?v%eg%iﬁﬁayer. 15. The MEMS apparatus for scanning an optical
beam of claim 14, wherein said rotor and said first stator have respective
13, rates aneksiatel IRIgRaces WilhelRlals SOl eawiles ofopRRMiRGSald icast one
ad ditios%?ssttr?leﬁ 27 16.t;|' he MEMS a?_ﬁ)a{ratus, for scannln% %n optical beam of t
R e FT S ST Forli BRI ERR AU fh BUTER 2eieBYGh S SRiE Bjovable
comb s slpmhsalidssithstrises SoimyedditichalldatiTn aidstatoriga\étyreste ndsrative to
providd 8K SAKI B HALS S FiaKREve idiEMEMS apparatus for scanning an
optical beam of claim 15, wherein said vertical comb drive further
comprises a second stator formed in said first active Si layer. 18. The
14, MEMB\M®D et dorfscanaimingnaa phisedd esvanoffotaiat b, svbensis saile iayer
siliconr%Wrirlgutré%pl%&?%ﬁ%éﬁ’eﬁg' Q?'fgaﬂg'égqr':byo?dtorr,S'aon’%che%ms%%r iglpedof a first
_ wherein said micro-mirror and said torsiona member hava respective
active iRidirecea SHERNAIRFEVA P oI @H6r3iBHRs At Rblay eaviteanpamticigmprising:
thyough saiteeenne: asiiNedShlayarpadhsid sulsiata-gi layer. 19. A
method for Iorming 2, eANAINgLTIE Thirorin a gatbie active s said micro-m
silicon-oh gaical & pan a tiliing motion tc said micro-mirror

and comprising a rotor and a first stator, wherein said rotor is formed entirely and soisly in

said first active layer and said first stator is formed entirely and solely in said second active
Si layer.

18. The MEMS apparatus for scanning an optical beam of claim 14, wherein said rotor
and said first stator have respective rotor and stator interfaces with rotor and stator cavities
formed in said substrate.



(DSOI) substrate that includes, in order, a stacked structure of a first

active Si layer, a second active Si layer and a substrate Si layer, the

method comprising the steps of: a. forming a micro-mirror in said first

active Si layer; and b. forming a vertidal comb drive operative to impart a
16.  tilting KBRS LopaRdtL 8 fOrQecanifog saiobwap%ésﬁm el ¢§,”I\£«}|ﬁ't§iéig égid rotor

LT n tator, wherein_ said rotor,is formed_entirely an in sa )

cauty e A S e AT SV Soy finerei
said sigipy savibhexisisligpIgiesaRD sTheirAtethddysiiclaim 19, wherein said

forming of said rotor entirely and solely in said first active Si layer is

er and substrate Si layer

achie removing second active Si la r _
7 RN FRRRCH U oo BAA A GRA LB RO ot Gy seid vertica
comb ghitieclyrtivad sotelyses saidcsedatatackiven &l |aymidiet hiswedddiaremoving
substrate Si layer sections bounding said stator.
18. The MEMS apparatus for scanning an optical beam of claim 15, wherein said rotor is
rigidly attached to said micro-mirror by a torsional member, and wherein said micro-mirror
and said torsional member have respective interfaces with micro-mirror and torsiona!l

member cavities extending through said second active Silayer and said substrate Si layer,

19. A method for forming a scanning micro-mirror in a double active silicon-on-insulator
(DSOL) substrate that includes, in order, a stacked structure of a first active Si layer, a
second active Si layer and a substrate Si layer, the mathod comprising the steps of:

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

b. forming a vertical comb drive operative to impart a tilling 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 Si layer and wherein said stator is formed entirely and
solely in said second active Si iayer.

20. The method of claim 19, wherein said forming of said rotor entirely and solely in said
first active Si layer is achieved by removing second active Si layer and substrate Si layer
sections bounding said rotor, and wherein said forming of said stator entirely and solely in
said second active Si layer is achieved by removing substrate Si layer sections bounding
said stator.



