;e3det ~?q: : ; <=F=r26*?T~?U = DESI GN AND PROCESS FOR FABRI CATI NG SI NGLE
CRYST mm CRO M RROR SW TCH USI NG SECONDARY ACTUATORS AND ANGULAR
AI\/PLIM CEPT BACKGROUND OF TI-1C I NVENTION (1) F E

| NVENTI ONkgBdo@* pr esent i nvention relates generally to tmm%mmm met hod
of fabricating mcro-machined mcro-actuators and mcr SW t ches;
and nore particularly to fabricate metallic mrrors on singi¥*%rystal
silicon (SCS). (2) DESCRIPTION OF THE PRI OR ART After its first conception
in the 80's as a display device, MEMS (mcro el ectro nechani cal systemn
mcro-mrrors have cone a long way in revolutionizing the data transport in
communi cati on networks. This area has been of particular interest for

peopl e involved in MEMS in the past ten years. Mcro-mrror devices have
appl i cat i JRESIHN ﬁN?p‘T%@C@%W@&‘Ad%R@AﬂHNéIS,INQéJErﬁ{%YST@Ip&Ld?ON MEFRY- devi ce.
Li ght beam steering using mcro-mrrors is bei ngrex loited in optical
Communi cat | on MEUHGRIEY TUENES B SHCBPDARY ASTOUATGIShANR ANBULAS ar e bei ng
used in long haul networks to select and switch the |light data signals

wi t hout converting themto el AMPLINCATHONGONAERAr ge number of micro-mirror
desi gns and nechani sns have been proposed. Surface mcro machining is the
nost commonly used nethod for fabricating mcro-mrror devices. Thin filns
such as poly-silicon) silicon dioxide, silicon nitride, and nmetal filns
such as al uminum gold, chBARKGMROWAWA G THIRINWENAKEN been used to devel op
mcro-mrror devices for various applications. Sone other researchers have
used silicon-on-oxide MEMS, deep RIE SCREAM process, and in sone cases
backsi de aquddu§IHdd &FSTHERINYENGIONIe et ching to fabricate mcro-mrror
devices. In nost devices, torsion springs or free hinges together with
conb-drive or gap closing electrostatic actuators have been used. U S fat.

No. 5,537,083 dgwergr&est mvefitionOrelish@ieally fid lthee deshiav kg melhed T BBrigagnent s
and fabricated using integrated circuit mcro fabrication techni ques. The

nechani ¢ alicr6-taRhin€d mi@6-W8 8itors Y tmidfaCh Plek ButcHek; M GHG e partic e Y e fabRbAS ar
fixtures, displacenent of the el ectrodes producing bending of the el enments

of the; ekl BierordInHRIS&FsidIRAcHFEdgPosi ting el ectrical signal processing
circuitry on a substrate, depositing interface conponents between signal
processing circuitry and a nmechanical filter in a first layer; depositing
in a second | ayer conponents of the nmechanical filter. U S. Pat. No.

S, 999, 303 dese?iljm}@mm beatyhpRO{MARM zing a m cro machined el enent in
conmbination with a light source and a lens to read and wite data onto a
storage disk. A mcronachined elenment may include a tethered steerablc

m cr o- machi ned m nor. A novenent of the mcro machined mrror alters a beam
of laser light t 1 5t ieghat : i and a
reflected |ight A[)%g%&ﬁ%ﬁ??&éﬁ@olﬁgag Sglilsﬁszpg&&ﬁﬁ@&%}g@%@l&og@gﬁg% QI
relates %cﬁgn?crafsaﬁﬂeﬁﬁ i HORHABRI gt ccﬁ%(éﬁ?x VM? 'irf'ﬁvél'u{ibrﬁﬂﬁkf Pl.grdeaH oflih M
The process 1nc es‘depositing a sacriticial layer of sTlicon-germanium

(Si Ge) ng,mpgn.@amb iy GHkE ﬂﬁ?g%tﬂag%e?bggfrpgﬁitcﬁ'll;llalintér?s)f?h% i%o R §foRBA Gt e

sacrific yer, ere the gernmani um ontent o crificial |ayer
i t . . ik . . - I t
| cast a PIESOR e dert ke i SAdE il Noph EUGH: n MR e @ 2

pixel, scanner type of display device. Light beam steering using micro-mirrors is being exploited

in optical communication networks. MEMS based optical cross connect devices are being used
in long haul networks to select and switch the light data signals without converting them to

electronic domain.A large number of micro-mirror designs and mechanisms have been proposed.



Accordingly, it is a primary object of the invention to describe the design
of single crystal silicon mcro-mrror switching device. Another object of
the invention is to describe the design of mcro-mrror swtching device

el enents, mrror plate, secondary actuator, and spring/hinge nmechanism A
further object of the invention is to provide a nethod for formng the MEMS
mcro mrror swtching device. Yet another object of the inventionis to
provi de nmethods for formng the elenments of mcro mrror-swtching device)
mcro-mrror) actuator, and hinge/spring mechanism . Another object of the
invention is a method for inplenenting the angular anplification 3 desi gn
using silicon as both structural and sacrilicial |ayers. In accordance with
t hese objectives, design and a nmethod of fabricating tile said mcromrror

swi t cheggh& ﬁk‘%‘c’i&ﬁﬁ&ﬁﬁlmﬂh@ W h&D BRasdnly 8RdehaIBNS BbRediRy Ghikdt@lrecti |1 con
(SCS) mrror plate, secondary actuator, "and hi nge/spring mechanismto

I nt egr age,jthe xﬁhﬂﬁsﬁkﬁ5§mﬁ9E2 ﬂ?QmQQ@&MmQG%H&E@B§m&Jﬁﬁhﬂ&EQﬂk9EmﬂQMeS the

mcro-mrror through spring an nge mechani sm The actuator in thi

i nventi %ﬂm\lﬁ\%x ;,(;l&"ech?d:ﬁ |tnr antzt %hlﬁ\ lyaQ/@ H8n Qgedttg%cxt/ckkﬁf B0 b P& debicBs Tor

junction is Tirst formed on p-type silicon by growng n-type silicon on

p-type \37?;1&{5 a -I;quﬂ%ﬁpe%]pﬁ\'éeotﬂé?%@sil&“@%a% uE!:%f difkéont omeo\%co@l%‘ﬂ/lé 3)39 RIE

rect ang arles mcro-mrror ate actuator electro

Of[ h_er C%ﬁﬁ\ﬁ%?oc‘é%e&% E]@(lﬁné &3 seo%ckmdcsa eou'é‘rps)t%s dml igdr(ﬂgdehgam lﬁ @foﬁ'% th' th

silicon er sur ace 1 s ani cal
I i shi th d h d
Po. f abr ragremiiss chyfisadbios SRPo e o serins shEE Pk et HimSuiefhexc .

sacrificial S|I|cqn di oxide | a r- i S d€p05|ted and patterned. Protective
| ayers O¥ 587 $PgRhe Fﬁ“ﬁ%‘i“%“%% ‘?r\ Y£6n are then deposited and
patterned. Next, another sacr|f|C|aI silicon dioxide layer-2 is deposited
on which a Iayer of structural poly silicon layer-1 is formed and
patterned. This step is followed by the dep05|t|on of anot her sacrifici al
silicon di oxilie ﬂahw@* SPITRBE dpssipest 2 evieedneckpmient filiprahaving Rlangr |cp@Benepts| ayer
is then deposited and patterned. In the next step, mrror netal is

deposi t eidgpkricatgd tusing defegrated GF‘FH“rﬂ“FOFQ)fab"%\H“é%Chf‘@F‘%tTWF@*‘%‘WE&‘B‘@ usi ng
t he release processes to selectlvely cut desjired structures in single

. cryst albei¥eendnppt apdiontpus Herstrsers gludenslnr drlusessdispigeqeient af 1hemlacgpdcs
DESCRIPTICN OF THE DRAW NGS The objects, advantages, and deta
f abri catiTRgpcinsdendne af the slefepis of 1M>ttwﬁ$ r?goceﬁféwe'édfaé%w&n&516%@' éé@i"gn
concept of this invention will be nore clearly understood fromthe
f ol | owi rRJOYFEHES PlERitBeart p iSphsirals. depratingrinésfict AemPBANIHDENYCEh 8iLerl PBIPESHIE ng

drawings. Fig. 1 shows the top .yiew of the switching device, with major
conponen@iBuitiyding &t raefhpnjcal filter in a first layer; depositing in a second layer components of the

mechanical filter.

U.S. Pat. No. 5,999,303 describes an optical head utilizing a micro machined element in
combination with a light source and a lens to read and writc data onto a storage disk. A micro-
machined element may include a tethcred stecrable micro-machined mirror. A movement of the
micro machined mirror alters a beam of laser ligh. transmitted from the light source to the optical

“head and a reflected li ght beam from the storage disk.



arrows. rig. 2 shows the top view of Frce hinge only design of the hinge
mechani sm for inplenenting; angular anplification Fig. 3 shows the top view
of flexure spring and free hinge design for inplenenting angul ar
anplification. Fig. 4 shows the top view of torsion spring and flexure
spring design for inplenenting angular anplification. Due to the asymetry
of the device layout, the process is described hereafter using two sets of
cross-sections (shown by arrows in Fit;. 1 ), each cross-section shown at
vari ous steps of the processing sequence. Each of the process steps cannot
be shown on both the cross-sectional 5 vi ews, al though the wafer sees al
the process steps mentirety. Figures 5a through 5h are cross-sectional
views of the device along; axis 5A shown in Fig.1l Figures 6a through 6h

are cross-secty.gnpdt, XoeB210H33 Be rdRMs a6 nb@GectSintcHaR cangWem Risifty GilkonFi .
5a and 6a are cross-sectional views of the device after deep trenches are

et ched, f;';én'n@rqulw fhihssi | TW&O&SQXﬁ%C?G dgltﬁ\ af éd%ﬁﬁlmalslﬁ r iofisHead-p&tlah o@D
di oxi de layer-| (sac-1 ) deposition an etc ing. Fig. is a

Cr 0SS- SeC{d@fdhtoMhEWbefatd, h&pgﬁmgfﬁstﬁnfﬁuﬁfl 1Lt & dx@ca&QO Be lsﬁ'crr?n'c’al ﬁ?&? where
protection |ayers are deposited and etch eg sac-2 and sac-3 oxid

deposi ti offe o Iggr‘lﬁmuﬁp(de? cGhi&ht OF e SRETEAN@erYd S¥Maf indBe BE b AENRFIHE @trﬁ'dt&x’él de
and pol y-silicon protection

layer; and removing at least a portion of the sacrificial layer.
SUMMARY OF THE INVENTION

Accordingly, it is a primary object of the invention to describe the design of single crystal

silicon micro-mirror switching device.

Another object of the invention is to describe the design of micro-mirror switching device

elements, mirror plate, sccondary actuator, and spring/hinge mechanism.

.
‘e

A further object of the invention is to provide a method for forming the MEMS micro-

mirror switching device.

Yet another object of the invention is to provide methods for forming the clements of

micro mirror-switching device, micro-mirror, actuator, and hinge/spring mechanism. .

Another object of the invention is a method for implementing the angular amplification



. layers are deposited and etched; sac-2 and sac-3 oxi de deposition;
structural poly-silicon |ayer deposition and etching. Fig. 5c and 6¢c are
cross-sectional views of the device after pattern etching of sac-2 and

- sac-3 oxides. 6 Fig. 5d is a cross-sectional view of the device after
structural poly-silicon |layer-2 deposition and pattern etching Fig. 6d is a
cross-sectional v~c~v of the device after structural poly-silicon |ayer-2
deposition and pattern caching; mrror nmetal deposition and etching.
Figures Se and 6e are cross-sectional views of the device after KOH etching
of backside silicon Figures Sf and 6f are cross-sectional views of the
device after reactive ion etching of silicon to expose silicon
di oxi de-filled trenches fromthe bottom Fil;ures 59 and 6g arc
Cr 0ss- sectésgnalsingis#bn & boliharudawil aed attivcialdaerd ficial etching' of silicon
di oxi de through the trenches and tiomtop. Fig. Sh is a cross-sectional
view of the final structure after the oxide and sone of the silicon bl ocks
are sacrificially renmoved, showing |lower fixed silicon electrode, |anding

pad and sili com dabd@fmcP ithShesEbiectiObs, USsi@h HIO0S nciRfldrofaghcarh@Wehidterot i nal
structure after the oxide and sonic of the silicon blocks are sacrificially
removed, &ROW KetdRENHR desdHbBC TR swiBR hadiHrEOElemertts  single crystal silicon (SCS)
mirror plate, secondary actuator, and hinge/spring mechanism to integrate the mirror plate with
secondary actuators. The actuator moves the micro-mirror through spring and hinge mechanism.
The actuator in this invention 1s of the electrostatic type or of the thermal type. A p-n junction is
first formed on p-type silicon by growing n-type silicon on p-type wafers. Trenches are then
formed to define the closed loop rectangular boundaries for micro-mirror plate, actuator
electrodes, and other components to be fabricated in SCS. After ﬁllfng the trenches with siticon
dioxide, the wafer surface is planarized using chemical mechanical polishing or other etch-back
processes. The planarized wafer is then used to fabricate top actuator electrode, interconnects,
metal pads etc. Next, a sacrificial silicon dioxide layer-1 is deposited and patterned. Protective
layers of silicon nitride and poly-.silicon are then deposited and patierned. Next, another
sacrificial silicon dioxide layer-2 is deposited on which a layer of structural poly silicon layer-1
is formed and patterned. This step is followed by the deposition of another sacrificial silicon
dioxide layer-3 that is patterned. Structural poly-silicon-2 layer is then deposited and patterned.
In the next step, mirror metal is deposited and patterned to form mirror. Device formation is
completed using the releasc processes to sclectively cut desired structures in single crystal

silicon, while sacnficing remaining SCS blocks.



DESCRI PT10N COF Tl DE PREFERRED L; MBCODI MENTS The top vsew of the nscro-nsrrer
swst chsng devsce wsth nsero-nsrror regson 10, secondary actuator region 12,
and hsnge 8c spring region 14, is shown in Fsg. |I. The; hinge and sprint;

el enent integrates the nscro-nsrror and the actuator el enents.

El ectrostatic actuator consisting of upper cantilever-type noving
poly-silicon electrode and | ower stationary sslicon el ectrode noves the

m rror through hsnge and spring nmechani sm Several conbinations or hinge
and spring elenents are used: fret hsnge and | ever arm (not shown); free

hi nge only conbination (Fig. 2); flexure spring (not shown;) tlexure spring
and free hinge (Fig 3); free hinge and flexure spring (not shown); torsion
sprint; and flexure spring (Fit;. 4). Integration schene according to the
present invention i”p'ﬁﬁﬁﬁﬁﬁ$kﬂﬁp?ﬂﬁyb4H1ﬁ§8hhﬁbﬁﬁ§§°” concept for

achi evsng | arge angul ar "di spfacenents for mcro-mrrors with smaller

bendi ng; of secondary cantil ever-type actuators. ligures Sa through Sh and
~~a through 6h describe the process steps for formng the mcro-mrror

swi tching devj neously

.ce. Al the el ement 30& Hh devi ce ar ornmed sinult
during the deStr PHEES FdywlEss.of p%?m i%.%ﬁ"&ﬁ@gﬁhﬁ. AL PEOSPREE Monal
vi ews of the device, along axis and axis @B respectivel sh b
dashed | fif¥de a590rding t@eﬁwﬁ ﬁpﬁep*l‘ﬁ’)aﬂ“aewa&w'wﬁ?cawogr %w“é’ﬂ%ﬁ%‘f) fgm the

described herein is conpleted. A p-n junction is first fornmed on p-type
silicon g&‘,"‘”ﬁf‘&‘&‘r‘fﬁ‘&e‘égqsir;‘lc)%ﬁ“ ?g“’i’ ) CREACHYS HENE PIRBPAINPEAY ST on or
alternatively by depositing; epiiaxial silicon film The depth of p-n 8
.junction is kept approximately at about 8 - 10 p. m T rcnches 24,
approximately about | - 3 Lu n wide and about -~ - 8 |.~m deep, are etched
~n silicon wiFiB hskisphe waciaw el the swiehing dryigss with sepjoricamppnanispndisstedby  (US
Patent # 5,501,893 ) The said trenches dcfi ne the close-|oop rectangul ar
boundari esowf the various regions 10, |12, and 14 (shown in Fig. 1).
Silicon dioxide 2Gis then tilled within the trenches and the wafer surface
is planarizcd using plasma etch back or chem cal nechanical polishing

nmet hods, known ~n prior art. Silicon dioxide 28, |ater used as sacrificial
| ayer-1 (sac-Hig) 2i shodepbsidrediconof fiee Jangd @ilpnisigs wf fthe dsrgandegbatisrer foed
Resulting structures are shown in Figures Sa and Ga. Nitride 30 and

pol y- si | imoplam@Ringlangularlaotphficedied t o protect hel d area oxi de, are deposited
next and patterned. Sacrificial silicon dioxide |ayer-2 (sac-2) 34 is then
deposited but not patterned, as shown in Figures Sb and Gb Structural
poly-silicon layer-1 (poly-1 ) 3Gis then deposited and patterned (shown
only in Pig. Big) 3tshopathe tepdesw o€ flspure rsgfing aodk et dwnea tdssigméset impleresnting ci al
silicon dioxide |ayer-3 (sac-3).38 is deposited and patterned as shown in
Fi gur es Sogwardumplifica®ionuct ural poly-silicon layer-2 (poly-2) 40 is deposited
next and patterned, as shown in Fibures Sd and 6d. Poly silicon actuator
and hi nge/spring mechanismare fully defined at this process step.

M nor-netal is then deposited and the netal patterned to formthe

m cro-mrror g aShehote tapvibw @f tdslof opting)and Aextiisprisd dgigneabd ingflerhdnging
conponents are fabricated in single crystal 9

angular amplification.

Due to the asymmetry of the device layout, the process is described hereafter using two
sets of cross-sections (shown by arrows in Fig, 1), each cross-section shown at various steps of

the processing sequence. Each of the process steps cannot be shown on both the cross-sectional



silicon, but not separated or released to | ormworking; device elenments. rf
he i'ollowng steps describe the rel ease process to cut the device
structures tn sinl;ie crystal silicon and formthe indtv~dual elenents. i)
Backside silicon 20 is etched clectrochcm cally preferably in agueous

pot assi um hydroxi de (KO -1) solution to stop at the n-p junction with

di | Tused n-type silicon 22 exposed. O her etching nediuns can he
substituted for the preferred agqueous KO -! solution. These alternate

chem cal s include aqueous sol ution of ethyl ene diam ne, pyrocatechol,
and/ or TMAH-i sopropenol. A silicon wndow is opened fromthe backsi de of
the wafer in this step. The resulting structure is shown in Figures Se and
6e. ii) Next, backside n-type silicon 22 is etched within said KO+ et ched
silicon wi ndow, using reactive ion etching (I~IE) process in SF6 plasng,
known i Miepsiapoughithe Wafer sepsall theiProessh SIREHNEPERIYNg of silicon with time
control, such chat the silicon dioxide-filled trenches 26 are exposed at
the bottom a<s shown in Figures Sf and 6f. iii) Silicon diuxide-filled
trenches 2G are then sacrificially etched in HF solution o(' concentration
appr oxi mat el ¥igues 68 HFough Shatrecraat-secpoml tveanser! dhaidevicd donghisgs A epowsith i con
dioxide is rentoved both fromtrenches and from under the m cro-nmachi ned
struct uFasl. The resulting structures arc shown in Figures Sg and Gy. The
unsupported silicon 10 bl ocks 44 get renoved during this sacrilictal
etching step, while; the silicon blocks 4G attached to structural
poly-silicon layers remain mthe final dence The final device structures
arc shown i nFigires 6n ¢lgo@ih Gnare GgdsblacdtiondlivirvseofShe dévowseslofig xes 6Bishbworin

el ectrode 48, |anding pad 50, spring part 52, and s~licon/poly-silrcon
horse 5#&imt.c shown. In I=figure 6h, mrror plate 5G free hinge 58, and
silicon/poly-silicon hinge bar 60 arc shown The actuator shown in Fib, Sh
is of the electrostatic cantilever type with supporting bl ocks 48 and 50.
When the actuator is of the thernmal type, the cantilever would be fonred of
a bi-netal OFipgg8R@hd 6@laleycrbés-Botinan@ewp lor MRt @vicalafteRBébpt RcRAR@ITBRRcDf T he
actuator takes place due to msmatch in the thermal coefficient of

expansi gme@ fwithedontidkededdnd. plabdBzdd} sABITBRA] SifeH HiBMEBE 1dyer-C aseN aégosiiish
materi al s conposed of silicon dioxide, silicon nitridé, poly silicon,
and/ or ggheicaingl the heater material ~s chosen fromalum num titanium
nitride, alumnumtitaniumalloy, and/or poly silicon In terns of the
process to incorporate the thernmal actuator in the said mcro-mrror
device, the silicon blocks 48 and 50 are al so sacrii5ced during etching.

" The remai ni pg:; B Q€ @ SFosSERNGnANVRW St idedike hRert QRIS aHS @BlylsilidoR RIEM0AL | NG
the electrostatic type of actuator. The advantages of the present invention
of f or mingrdheddfoliRdEhe Eohddi sak Frandvhd-Fbidgdshayitiee over the prior art are as
follows: Mcro-mirror switches fabricated on single crystal silicon using
conventi onal sem conductor device nethods are flatter and therefore able to
steer the Iight beam nore precisely 2 The sw~tchinb device ~s forned
usi ng both sy f i ) i1 ] LClQ. WaTMglo R i

her aby T ot a i the R SR a0 il AT pll BT ESton

cant || SURferd iR iRl BRt A5RE) GO AU RfaclebOMfonl AR AR RLon @R O

of the mTror w placenent = of uat or 't
deposition and etching, \

Fig. 5¢c and 6c are cross-sectional views of the device after pattern etching of sac-2 and

sac-3 oxides.



4. New angul ar anplification concept allows the use of m ninum space for
formng the actuator ~n the device for |arge angul ar bending. 5. The
invention ntlhod ol' lubrication uses a unique process of |ormng and using
oxide-filled trenches (which are later sacrificially etched) that allows
silicon to be used as both sacritcial and structural layers. G A new

rel ease process is used where, after electrochem cal etching; of a w ndow
in backside silicon) reactive ion etching is used to expose Si Qz-filled
trenches and sacrificing the oxide through trenches and fromthe top. Wile
the preferred enbodi nent of the invention has been described, il wll be
understood by those skilled in the art that various nodifications in form
and details nay be made 12 wi t hout departm- fromthe sprit and scope of

the invention., Accordinl.ly, .other embadnnents are wiihmthe scope of the
o i owrg ol ankE1 3t % & Apsesbedbigion PRI BEM o B A oB e B B2
swi | chnb ,devi.ce ¢ - of. single crystal srl~cor~ mrror plate)

nsi nl ;
secondar §}CP§§‘{‘&'§?Q§EP%§TH&1W%%/ spring mechanism with all the el enents
integrated on a single crystal silicon subsiratc.

Fig. 6d is a cross-sectional view of the device after structural poly-silicon layer-2

deposition and pattern etching; mirror metal deposition and etching,

Figures 5e and 6e are cross-sectional views of the device after KOH etching of backside

silicon

Figures 51 and 6{ are cross-sectional views of the dcvice afier reactive ion etching ol

silicon to expose silicon dioxide-filled trenches from the bottom.

Figures Sg and 6g arc cross-sectional views ol the device after sacrificial etching of

silicon dioxide through the trenches and from top.

Fig. 5h is a cross-sectional view of the final structure after the oxide and some of the
silicon blocks are sacrificially removed, showing lower fixcd silicon electrode, landing pad and

silicon hinge parts.

Fig. 6h is a cross-scctional view of the final structure aftcr the oxide and somc of the

silicon blocks are sacrificially removed, showing hinges, hinge bar, and mirror.



2. Mcro-mrror switching device according to claim1, wherein said
secondary actuator is nade of poly-sihcon. 3. Mcro-mrror swtching device
according to claiml, wherein said hin ge/spring nechanismis nade of
silicon 4. Secondary actuator in mcro-mrror swtching device conprising:
upper silicon electrode and | ower single crystal silicon el ectrode, forned
on single crystal silicon substrate. 5. Secondary actuator according to
claim4, wherein said upper electrode is made of poly silicon. 14 6.
Secondary actuator according to claimb5, wherein said upper poly-silicon
el ectrode is of the electrostatic cantilever type for bending 7. Secondary
actuator accordtn~ to claim4, wherein said |lower silicon electrode is of
the fixed type. 8. Angular anplification elenment in mcro-mrror swtching

devi ce conpri si ng: ﬂqi pt h R [ SRAi nt; mechani sm
fonncd on single cP%S@g @%#@o'gg BEFEQ gBL&&ﬁgﬁ Fiﬁ%anplification
clement according to claim8, wherein said secondary actuator is made of
upper poly-silicon cantilever electrode and | ower fixed silicon electrode
10. Hinge and_spring nechanists in mcro-mrror swtching device
conpri sing: hiMgéorarMor! dir iMgo-HEPMsY NG idRy'ce vty yue@Rmigiof iregan 10,
substrate.
secondary actuator region 12, and hinge & spring region 14, is shown in Fig. 1. The hinge and
spring element integrates the micro-mirror and the actuator elements. Electrostatic actuator
consisting of upper cantilever-type moving poly-silicon clectrode and lower stationary silicon
electrode movcs the mirror through hinge and spring mechanism. Several combinations or hinge
and spring elements are used: (rec hinge and lever arm (not shown); free hinge only combination
(Fig. 2); flexure spring (not shown}, flexure spring and free hinge (Fig 3); free hinge and flexure
spring (not shown); torsion spring and {lexure spring (Fig. 4). Integration schemc according to

the present invention implements the angular amplification concept for achieving large angular

displacements for micro-mirrors with smaller bending of secondary cantilever-type actuators.

Figures 5a through Sh and ba through 6h describe the process steps for forming the
micro-mirror switching device. All the elements of the device are formed simultaneously during

the described process steps.

Fig.5a and Fig.6a arc cross-scctional views of the device along axis SA and axis 6B
respectively (shown by dashed lines SA and 6B in Fig. 1) after several process steps as described
herein is completed. A p-n junction is first formed on p-type silicon 20. n-type silicon 22 is then

formed either by diffusion or aliernatively by depositing epitaxial silicon film. The depth of p-n



11. Mcro-mnor sw tching device according to claim 10, wherein the

hi nge/ spri ng mechani smincludes: tree hinge and |iver arns, free hinge

wi thout fiver arm 15 fl exure springs, flexure spring and 1li-cc hinge,
free hinge and flexure spring, andior torsion spring and tlexure spring.
12. A nmethod of formng a single crystal mcro-mrror swtching device
conprisng~ formng n-type silicon on p-type silicon substrate; form-nb a
p-n function, form ng deep trenches in n-type silicon, filling said
trenches with silicon dioxide and planarizing said dioxide; depositing
silicon dioxide |ayer-1 on plananzed surface and patterning, depositing
protective mridc and poly-silicon filnms over silicon dioxide |layer-1 and
patterning; depositing silicon dioxide |ayer-2 over patterned nitride and
poly-silicon; depositing poly-silicon |ayer-1 over silicon dioxide_|ayer-2
and pat t BINpHQfGs kﬁBIWPFPX‘,*“ﬂg’éVpﬁsﬂP?W‘ fg ¥ mncdiengh,ddaernrenyaricly 259er ! patter ned
poly-silicon layer-l and patterning silicon dioxide |ayers-2 and -3;

deposi t i wide pdlapodti4  Gqrm [degpe rreXtdweénn patdrewnied deep reaavedpwxictiag Ipagyeesss - 2
and -3 and patterning poly-2; formng netal mrror by depositing netal on
t he waf ekn@ndinpiot en MU Gatartiad 50 1f L3 Mg dahetrdeidscrR(i8d the@lade-epwedidngalar

rel ease process. 16 13. A nethod of tbrmng a sinble crystal mcro-mrror
SWi t chi NBourdendscsT tRE Gatodi Rgiont 00.cl2a0iA 12 (shwhefieRi. dp pSisicdrdidxie Ry RChen
sl1cll OvCf p-type s~ ~con wafers fornms said p-n junction. 14. A nethod
of form fge@withiRGhSu&ichStanl tHEVET&-sTIfEde QS plandri€dhsngs plakvd Géh BeR oF EltehitD

mechanical polishing methods, known 1n prior arl. Silicon dioxide 28, later used as sacrificial
layer-1 (sac-1) is deposited on the said planar surfaces and pattcrned Resulting structures are

shown in Figures 5a and 6a.

Nitride 30 and poly-silicon 32 films, both used to protect field area oxide, are deposited
next and patterned. Sacrificial silicon dioxide layer-2 (sac-2) 34 is then deposited but not
patterned, as shown in Figures 5b and 6b  Structural poly-silicon layer-1 (poly-1) 36 is then
deposited and patterned (shown only in Fig. 6b) to partly define spring/hinge elements.

Next, sacrificial silicon dioxide layer-3 (sac-3) 38 is deposited and patterned as shown in

Figures 5c and 6c.

Structural poly-silicon layer-2 (poly-2) 40 is deposited next and patterned, as shown in
Figures 5d and 6d. Poly silicon actuator and hinge/spring mechanism are fully defined at this
process step. Mirror-metal is then deposited and the metal patterned to form the micro-mirror 42

as shown in Fig. 6d (only). At this step, all of the components are fabricated in single crystal



claim 13, wherein n-type silicon is |brned by process of diffusion 15. A
nmet hod of fornvng; a s~nl;lc crystal mcro-mrror swtching device
according to claim 13, wherein n-type silicon ~s forned by ep~taxi al
deposition 16. A nethod of lormmg; a sinblc crystal mcro-mrror swtching
device according to Cl ~11111 13, wherein p-n junction depth is

approxi mately about 8-10 |.~m |7. A nethod of formng a single crystal

m cro-mrror switching device according to claim 12, wherein said trenches
in .n-type silicon are approximately about 1 - 3 pm w de and approxi mately
about 4 - 8 gamdeep. 18. A nethod of formng a single crystal mcro-mrror
swi tching device according to claim12, wherein said n-type silicon is both
a sacrificial and a structural layer. 19. A nmethod of formng a single
crystal mcro-mrror switching device according; to claim12, wherein said
silicon dgilesndet eyenardied asirglpaseshlodprox verkinealpeee dements.si | i con di oxi de

| ayer-3 17 are of the sacritic~al type 20 /1 nethod of form-n~ a single
crystal mcro-mrror swtching device accord~n~ to claim 12, wherein said
proteci we d~el ectnc |layers are silicon dioxide, silicon nitride and/or poly
silicon 21. AThetitiboviod stepr disogpbeaths irgigse porcystialcuniherdsvige strostuswint sibisieg
devi ce according to claim 12, wherein said poly sU con- | and poly

si | i con- Zr@rtat sihtort dn@ feint the indivaduat slpeent2. A nmet hod of forming a s~nble
crystal mcro-mrror switching device according to claim12) wherein said
mrror netal is conposed of alum num chromum titanium silver, platinum
and/ or gold

i) Backside silicon 20 is etched clectrochemically preferably in aqueous potassium
hydroxide (KOH) solution to stop at the n-p junction with diffused n-type silicon 22
exposed. Other etching mediums can be substituted for the preferred aqueous KOH
solution. These alternate chemicals include aqueous solution of ethylene diamine,
pyrocatechol, and/or TMAH-isopropenol. A silicon window is opened from the backside

of the wafer in this step. The resulting structure 1s shown in Figures 5e and 6e.

i) Next, backside n-type silicon 22 is etched within said KOH-etched silicon window,
using reactive ion etching (RIE) process in SF6 plasma, known in prior art, or using
furterh KOH e¢iching of silicon with time control, such that the silicon dioxide-filled

trenches 26 arc exposed at the bottom as shown in Figures 5f and 6f.

iii) Silicon dioxide-filled trenches 26 are then sacrificially etched in HF solution of
concentration approximately 49 % HF in water at room temperature. In this step, silicon
dioxide is removed both from trenches and {rom under the micro-machined structures.

The resulting structures arc shown in Figures 5g and 6g. The unsupported silicon

10



23. A nethod of formng a single crystal mcro-mrror swtching device
according to claim 12, wherein said rel ease process conpri ses:

el ectrochem cal etching of back-side silicon in a base solution, reactive
ion etching silicon from backside of said n-type silicon) and etching;
sacrificial silicon dioxide |layers in hydrofluoric acid solutions. 24. A
rel ease nmet hod according to claim 23, wherein said backside of silicon
wafer is etched selectively to stop on said n-type silicon. 18 25. A
rel ease nethod according to claim23, wherein said backside of silicon
water is etched electrochemcally) and mthe preferred enbodi nent, in

pot assi um hydroxi de (KO -1) of concentration, 35 % KA -f in water at 75 C
26. A release nethod accordnb to clans 23, wherein n-type silicon ~s

et ched, | referr j - f. , | I i 7 i i on
ot oni nb D53 a4 2ok e DL e ol B S0E MIEERS L HE M0 HEREAMEF L D)
wherein n-t silicon, is etched,,  alternativel i n_aqueous KA -1 with tine
cont r ol - S PpFyelERR e Frod S nf BAGEA Bieline] SIS Ee T bl o1
said sacrificjal silicqon dioxjde |layers.is done |n _49% aque hydr of | uori c
2610 sol HIBMER RSO TR AR T S55sih DB wlekE, ROUPE B Th ML ur ol
conponents in single crystal silicon switching device; the nethod

conpri si g aney Ewng)gly(ﬁlhc@aé\w aé agsrshawy. E‘d‘r‘ﬂ%g'é IR Rlate §p.Jesei rgerpdnah |
etching of n-silicon in agueous KOH from backsi de) reactive ion etching
silicon FloMmecsksondinge bglaﬁ(}prﬁsltw\e e pptagar shawg in Fig. Shis of the clectrostatic

cantilever type with supporting blocks 48 and 50.

When the actuator 15 of the thermal Lype, the cantilever would be formed of a bi-mctal or
generically of a bi-morph material, and the movement of the actuator takes place due to
mismatch in the thermal coefficient of expansion of the two metals. The bi-morph cantilever is
chosen from materials composed of silicon dioxide, silicon nitride, poly silicon, and/or gold and
the heater material 1s chosen from aluminum, titanium nitride, aluminum-titanium alloy, and/or
poly silicon In terms of the proccss 1o incorporate the thermal actuator in the said micro-mirror
device, the silicon blocks 48 and 50'are also sacrificed during etching. The remaining process

steps are identical to those used in incorporating the electrostatic type of actuator.

The advantages of the present invention of forming the MEMS micro-mirror switching

device over the prior art are as follows:

1. Micro-mirror switches fabricated on single crystal silicon using conventional

semiconductor device methods are flatter and therefore able to steer the light beam

11



- etching of sacrificial silicon dioxide |layers. 30. A nethod of formng a
MEMS device with silicon as structural and sacrificial |ayers 19
conprising' formng n-type silicon on p-type silicon substrate, |ornmng a
p-n,lunci ~on over a s~l~con Sut~sirate, form ng deep trenches in n-type
silicon; fillinf; said trenches with silicon dioxide and planar~zing said
di oxi de; depositing silicon dioxide |layer-1 on planarilLed surface and
patterning; deposit~nt; protective nitride and poly-silicon films over
silicon dioxide |ayer-I and patterning, depositing silicon dioxide |ayer-2
over patterned nitride and poly-silicon, depositing poly-silicon |ayer-1
over srlicon dioxide layer-2 and patterning poly-1 ; deposit~nl; silicon
di oxi de | ayer-3 over patterned poly-silicon layer-1 and patterning silicon
di oxi de |l ayers-2 and -3; depositing poly-silicon |ayer-2 over patterned
silicon d|0X|de'P@§éW§“2Yand -3 and patterning poly-~; and forming the MEMS
device with a rel ease process. 31. A nethod of formng a MBVMS device
accordinf; to claim30, wherein said rel ease process conprises:
el ectrochem cal etching of hack-side silicon preferably in KOH of
concentrati ol 35Theaswitching dgnicerisdemt® Ging betbtsutface micretradshingngsand bl from
backsi de of said n-type silicon, and

micro-machining mclhods, thereby retainimg the advantages of both methods.

3. Electrostatic, cantilever design of poly-silicon actuator allows higher angular

rotation of the mirror with small displacement of the actuator tip.

4. New angular amplification concept allows the use of minimum space for forming the

actuator in the device for large angular bending.

5. The invention method of fabrication uscs a unique process of forming and using
oxide-filled trenches (which are later sacrificially eiched) that allows silicon to be

used as both sacrificial and structural layers.
6. A new release process is used where, after electrochemical etching of a window in
backside silicon, reactive ion etching is used to expose SiO,-filled trenches and

sacrificing the oxide through trenches and from the top.

While the preferred embodiment of the invention has been described, it will be

understood by those skilled in the art that various modifications in form and details may be made

12



* 20 etching sacrificial silicon dioxide |ayers in hydrotluoric acid
solutions 32 A nethod of formng a s~n~lc crystal mcro-mrror conprising:
formng n-type silicon on p-type silicon substrate, formng a p-n junction
“over a s~l~con substrate; formng deep trenches in n-type silicon; f

illint; said trenches wish silicon dioxide and ptanarizing said dioxide,
depositing silicon dioxide |layer-1 on plananzed surface and patterning;;
depositing protective n~tr~de and poly-silicon lilnms over silicon dioxide

| ayer-1 and patterni ng; depositing silicon dioxide |ayer-2 over patterned
nitride and poly-silicon; depositing poly-silicon |ayer-1 over silicon

di oxi de |l ayer-2 and patterning poly-1 ; depositing; silicon dioxide |layer-3

over patt atterning silicon dioxide |ayers-2
and -5 donmarlnanKTin SRR QR T YRghuH Bt fescrbesis] athesombdioarie

| ayers-2 at oly-2; formng netal mrror by depositing;
net al onz?ﬂg“ﬁﬁ @gggﬁ:fgﬁi@h?gwgﬁh al: and forning the mcro-nirror

el enent with a rel ease process. 33. A met hod of formng a single crystal
mcro-mrror according to claim32, wherein said mnor netal is conmposed of
alum num) chromum titanium silver, platinum and/or gold. 21 34. A

nmet hod of formng a single crystal mcro-mrror according to claim 32,
wher ei n

13



said rel ease process conprises. electrochem cal etching of |ack-side
silicon preferably in I<O-1 of concentration 35 1COH in water at 75 "C,
reactwe ion etching silicon from backside ol'sa~d n-type silicon, and
etching sacrificial s~lieon dioxide layers in hydrofluoric acid solutions.
35. A nethod of formng an electrostatic actuator conpr~s~ng~ form ng
n-type silicon on p-type silicon substrate; formng a p-n junction over a
silicon substrate; form ng degrRmds enches mn-type silicon, lillint; said
trenches with silicon dioxide; and planariring3 said silicon dioxide,
depositing silicon dioxide |ayer-1 on planarized surface and paiierning;
depositing protective nitride and poly-silicon filnms over silicon dioxide
| ayer-1 and patterning; depositing silicon dioxide |ayer-2 over patterned
nitride and poly-silicon; depositing poly-silicon |ayer-1 over silicon

di oxi de |l ayer-2 and patterning poly-1; depositing; silicon dioxide |ayer-3
over patterned poly-silicon layer-t and patterning; silicon dioxide

| ayers-2 and -3; depositing poly-silicon |layer-2 over patterned silicon

di oxi de | ayens-Sn@aerystaiadietopatié@miidgswiRAInY d&vicaddthpdiding of. or m ng t he
actuator clenment with a rel ease process 36 A nethod of form ng an

cl eci rost at ~gingetcpataPtileGAlrd Pt 0 ¢l ai m 35 wherein said rel ease proccas
conpnscs el ectrochem cal etching ol ~back-side silicon prc:(erahly in KO -t

of concentr atiQRda3p adifdibd Bndrat er at 75 "C

hinge/spring mechanism, with all the clements intcgrated on a single crystal silicon

substrate.

2. Micro-mirror switching device according to claim 1, whercin said secondary actuator

is made of poly-silicon.

3.  Micro-mirror switching device according to claim 1, wherein said hinge/spring

mechanism 15 made of silicon
4. Secondary actuator in micro-mirror switching device comprising:
upper silicon elecirode and
lower single crystal silicon electrode, formed on single crystal silicon substrate.
5. Secondary actuator according to claim 4, wherein said upper clectrode is made of poly-

silicon.

14



reactive ion etching silicon from backside of said n-type silicon, and
etching sacnficial silicon d~ox~de |ayers m hydrofluoric acid solutions 37.
A nmet hod of form ng hinge and spring el ement conprising: formng n-type
silicon on p-type silicon substrate, formng a p-n junction over a silicon
substrate; formn |; deep trenches inn-type silicon; filling; said trenches
with silicon dioxide and planarizinb said silicon dioxide; depositing
silicon dioxide |ayer-1 on planarized surface and patterning; depositing
protective nitri.de and poly-silicon tilnms over silicon dioxide |layer-1 and
patterning; depositing silicon dioxide |layer-2 over patterned nitride and
poly-silicon; depositinb poly-silicon |layer-l over silicon dioxide |ayer-2
and patterning poly-I; depositing silicon dioxide |layer-3 over patterned
poly-silicon |ayer-1 and patterning silicon dioxide |layers-2 and -3; 23
deposi ting pét yecondans aeluatagaseordingy@ clayga Sy wperaly sard|uppgrPolr- dhGoaelaspds ¥- 2 and
-3 and paitcrning poly-2, and form ng the hln~e and sprang elenent with a
r el ¢; aseofpheodentrostatB8eaniledct hoe fRdgndibe f ormi ng a hi nSe and sprin g
111cCllal 11SIT1 aCCOdln~ t0 dalnl 37, wherein said rel ease process
conprises. electrochem cal etching of hack-side silicon preferably in KOH
of concentrailon 35 I<A-! in water at 7S "C, reactive ion etching silicon
from backsi dg. Gec@abd adniaypaccsidiigaorlaimrdwrireihkaid sae siifdnostakrodd isiof e
di oxi de layers in hydrofluoric acid solutions.

fixed type.

8. Angular amplification element in micro-mirror switching device comprising:
secondary actuator and

hinge and spring mechanism, formed on single crystal silicon substrate.

9. Angular amplification clement according to claim 8, wherein said secondary actuator

is madc of upper poly-silicon cantilcver electrode and lower fixed silicon electrode

‘A
10. Hinge and spring mechanism in micro-mirror switching device comprising:
hinge and/or

spring, formed on single crystal silicon substrate.

11. Micro-mirror switching device according to claim 10, wherein the hinge/spring
mechanism includes:
free hinge and liver arms,

free hinge without tiver arm,

15



39. Athermal actuator in mcro-mrror swtching device conprising of:

actuator cantilever beam and heater elenent. 40. A thermal actuator

according to claim 39, wherein the actuator cantilever beamis nmade of

mat eri al conposed of silicon dioxide, silicon nitride, poly silicon,

al um num ancUor fold. 41. A thermal actuator according to claim39, wherein

the heater elenent is nmade of material conposed of alum num titanium

nitride) alum numtitaniumalloy, andlor poly silicon. 24 42 A nethod

of fonning a thermal actuator conprising;. formvb n-type silicon on p-type

silvcon subslraic, conning a p-n ~unct~on over a silicon substrate, formng

deep trenches in n-type silicon; filling said trenches with s~ ~con di oxi de

and plananling; said silicon dioxide, depositing silicon dioxide |ayer-1 on

pl anari zed surface and patterning;, depositing protective nitride and

pol y-silicon fl¢xuresspov&s silicon dioxide |ayer-1 and patterning; depositing

silicon dioxide |ayer-2 over patternc;d nitride and poly-silicon;

deposi ti ng poflexusi dpriogmnd fayednngl, over silicon d~oxidc | ayer-2 and patterning

poly-1; depositing silicon dioxide |ayer-3 over patterned poly-silicon

| ayer-1 and phédiangdand fiskdre e@ihodiraidrde | ayers-2 and -3, depositing

poly-silicon | ayer-2 over patterned silicon dioxide |ayers-2 and-3 and
torsion spring and flexure spring.

12. A method of forming a single crystal micro-mirror switching device comprising:

forming n-type silicon on p-type silicon substrate;

forming a p-n junction,

forming deep trenches in n-type silicon,

filling said trenches with silicon dioxide and planarizing said dioxide;

depositing silicon dioxide layer-1 on planarnized surface and patterning,

depositing protective nitride and poly-silicon [ilms over silicon dioxide laycr-1 and
patterning;

depositing silicon dioxide Ia}'/::r-2 over patterned nitride and poly-silicon;

depositing poly-silicon layer-1 over silicon dioxide layer-2 and patterning poly-1;

depositing silicon dioxide layer-3 over patterned poly-silicon layer-1 and patterning
silicon dioxide layers-2 and -3;

depositing poly-silicon layer-2 over patterned silicon dioxide layers-2 and -3 and
patterning poly-2;

forming metal mirror by depositing metal on the wafer and patterning metal;

forming the device structures with a releasc process.



patterning poly-2; and form ng; the actuator element with a rel ease
process. 43. A nmethod of formng; a thermal actuator according; to claim
42, wherein said rel ease process conprises: electrochem cal etching; of
back-side silicon preferably in KOH of concentration 35 KOH in water at 75
"C, reactive ion etching silicon from backside of said n-type silicon, and
25 etching sacnlicial silicon dioxide |ayers in hydrolluor~c acid
solutions. 26

.AUr . AL. A9?. A&?. ALU. A. A" . ALhL. Ah. A. A& A& A& AYe. A  AY. A"Y. A9{. A h. A. . Ash&, . A
9" .Ase. AR A. . A{Ons G
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52666899;
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17. A method of forming a single crystal micro-mirror switching device according to
claim 12, wherein said trenches in n-type silicon are approximately about 1 — 3 pm wide and

approximately about 4 — 8 um deep.

18. A method of forming a single crystal micro-mirror switching device according to

claim 12, wherein said n-type silicon is both a sacrificial and a structural layer.

19. A method of forming a single crystal micro-mirror switching device according to

claim 12, wherein said silicon dioxide layer-1, silicon dioxide layer-2 and silicon dioxide layer-3
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are of the sacrificial type

20 A method of forming a single crystal micro-mirror switching device according to

claim 12, wherein said protcctive diciectnic layers are silicon dioxide, silicon nitride and/or poly

silicon

21. A method of forming a single crystal micro-mirror switching device according to

claim 12, wherein said poly silicon- 1 and poly silicon-2 are of the structural type.

22. A method of forming a single crystal micro-mirror switching device according to
claim 12, wherein said mirror metal 15 composed of aluminum, chromium, titanmum, silver,

platinum, and/or gold

23. A method of forming a 'single crystal micro-mirror switching device according to
claim 12, wherein said release process comprises:

electrochemical etching of back-side silicon in a basc solution,

reactive ion etching silicon from backside of said n-type silicon, and

etching sacrificial silicon dioxide layers in hydrofluoric acid solutions.

24. A release method according to claim 23, whercin said backside of silicon waler is

etched selectively to stop on said n-type silicon.
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25. A release method according to claim 23, wherein said backside of silicon waler 1s
etched electrochemically, and 1n the preferred embodiment, in potassium hydroxide (KOH) of

concentration, 35 % KO 1n waterat 75 C

26, A release method according to claim 23, wherein n-type silicon 1s etched, i the

preferred embodiment, [rom the underside with reactive 1on etching process in SFg plasma.

27. A release method according to claim 23, whercin n-type silicon 1s etched,

alternatively, in aqueous KOH with time control.

28. A relcase method according to claim 23, wherein eiching of said sacrificial silicon

dioxide layers is done in 49% aqueous hydrofluoric acid solution at room temperature.

29. A release method to form structural components in single crystal silicon switching
device; the method comprising;

etching of backside of silicon wafer in a selective manner,

etching of n-silicon in aqueous KOH from backside,

reactive ion etching silicon from backside of said n-type silicon, and

etching of sacrificial silicon dioxide layers.

30. A method of forming a MEMS device with silicon as structural and sacrificial layers
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forming n-type silicon on p-type silicon substrate,

forming a p-n Junction over a sihicon substrate,

forming decp trenches in n-lype siticon;

filling said trenches with silicon dioxide and plananzing said dioxide;

depositing silicon dioxide layer-1 on planarized surface and patterning;

depositing protective nitride and poly-silicon films over silicon dioxide layer-1 and
patterning,

depositing silicon dioxide layer-2 over patterned nitride and poly-silicon,

depositing poly-silicon layer-1 over silicon dioxide layer-2 and patterning poly-1;

depositing siticon dioxide layer-3 over patterned poly-silicon layer-1 and patterning
silicon dioxide layers-2 and -3;

depositing poly-silicon layer-2 over patterncd silicon dioxide layers-2 and -3 and
patterning poly-2; and !

forming the MEMS device with a release process.

31. A method of forming a MEMS device according to claim 30, wherein said release
process comprises:
electrochemical etching of back-side silicon preferably in KOH of concentration 35 %

KOH in water at 75 °C,

reactive ion etching silicon from backside of said n-type silicon, and
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etching sacrificial silicon dioxide layers in hydrofluoric acid solutions

32 A method of forming a singlc crystal micro-mirror comprising:

forming n-type silicon on p-type silicon substrate,

forming a p-n junction over a silicon substratc,

forming deep trenches in n-type silicon,

filling said trenches with silicon dioxide and planarizing said dioxide,

depositing silicon dioxide layer-1 on planarized surface and patterning,

depositing protective nitride and poly-silicon (ilms over silicon dioxide layer-1 and
patierning;

depositing silicon dioxide layer-2 over patterned nitride and poly-silicon;

depositing poly-silicon layer-1 over silicon dioxide layer-2 and patterning poly-1;

depositing silicon dioxide layer-3 over patterned poly-silicon layer-1 and patterning
silicon dioxide layers-2 and -3; N

depositing poly-silicon layer-2 over pattcrned silicon dioxide layers-2 and -3 and
patterning poly-2; -

forming metal mirror by depositing metal on the walcr and patterning metal; and

forming the micro-mirror element with a release process.

33. A method of forming a single crystal micro-mirror according to claim 32, wherein

said mirror metal is composed of aluminum, chromium, titanium, silver, platinum, and/or gold.
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34. A method of forming a single crystal micro-mirror according to claim 32, wherein
said relcase process comprises.

clectrochemical ciching of back-side silicon preferably in KOH of concentration 35 %
KOH in water at 75 °C,

reactive ion etching silicon from backside of said n-type silicon, and

ciching sacrificial silicon dioxide layers in hydrofluoric acid solutions.

35. A method of forming an electrostatic actuator comprising’

forming n-type stlicon on p-type silicon substrate;

forming a p-n junction over a silicon substralc;

forming deep trenches 1n n-type %ilicon,

filling said trenches with silicon dioxide and planarizing said silicon dioxide,

depositing silicon dioxide layer-1 on planarized surface and patierning;

depositing protective nitride and poly-silicon films over silicon dioxide layer-1 and
patterning;

depositing silicon dioxide layer-2 over patterned nitride and poly-silicon;

depositing poly-silicon layer-1 over silicon dioxide layer-2 and patterning poly-1;

depositing silicon dioxide layer-3 over patterned poly-silicon layer-1 and patterning
silicon dioxide layers-2 and -3;

depositing poly-silicon layer-2 over patterned silicon dioxide layers-2 and -3 and

patterning poly-2; and
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36 A method of forming an clectrostatic actuator according to claim 35 wherem said

rclease process comprises
clectrochemical ctching of back-side silicon preferably in KOH of concentration 35 %
KOH in water at 75 °C
reactive 1on etching silicon from backside of said n-type silicon, and

etching sacnificial sihcon dioxide layers in hydrofluoric acid solutions

37. A method of forming hinge and spring element comprising:

forming n-type silicon on p-lype silicon substrate,

forming a p-n junction over a silicon substrate;

forming deep trenches in n-type silicon;

filling said trenches with silicon dioxide and planarizing said silicon dioxide;

depositing silicon dioxide layer-1 on planarized surface and patterning;

depositing protective nitride and poly-silicon films over silicon dioxide layer-1 and
patterning;

depositing silicon dioxide layer-2 over patterned nitride and poly-silicon;

depositing poly-silicon layer-1 over silicon dioxide layer-2 and patterning poly-1,

depositing silicon dioxide layer-3 over patterned poly-silicon layer-1 and patterning

silicon dioxide layers-2 and -3;
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patterning poly-2, and

forming the hinge and spring clement with a release process.

38. A method of forming a hinge and spring mcchanism according to claim 37, whercin
said release process comprises.

electrochemical etching of back-side silicon preferably in KOH of concentration 35 %
KOH in water at 75 °C,

reactive ion etching silicon {rom backside of said n-type silicon, and

ctching sacrificial silicon dioxide fayers in hydrofluoric acid solutions.

39. A thermal actuator in micro-mirror switching device comprising of:
actuator cantilever beam and

heater element.

40. A thermal actuator according to claim 39, wherein the actuator cantilever beam is
made of material composed of silicon dioxide, silicon nitride, poly silicon, aluminum and/or

gold.

41. A thermal actuator according to claim 39, whercin the heater element is made of

material composed of aluminum, titanium nitride, aluminum-titanium atloy, and/or poly silicon.
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filling said trenches with silicon dioxide and planarizing said silicon dioxide,

depostting silicon dioxide layer-1 on planarized surface and patterning;

depositing protective nitride and poly-silicon films over silicon dioxide layer-1 and
paiterning;

depositing silicon dioxide layer-2 over patterned nitride and poly-silicon;

depositing poly-silicon layer-1 over silicon dioxide layer-2 and patterning poly-1,

depositing silicon dioxide layer-3 over patterncd poly-silicon layer-1 and patierning
silicon dioxide layers-2 and -3,

depositing poly-silicon layer-2 over patterned silicon dioxide layers-2 and -3 and
patterning poly-2; and !

forming the actuator element with a release process.

43. A method of forming a thermal actuator according to claim 42, wherein said release
process comprises:

electrochemical etching of back-side silicon preferably in KOH of concentration 35 %
KOH in water at.75 °C,

reactive ion etching silicon from backside of said n-type silicon, and
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etching sacrificial silicon dioxide layers in hydrofluoric acid solutions,



