WO 02/ 22493 PCT/ US01/ 27144 DI RECT ACTI NG VERTI CAL THERVAL ACTUATOR W TH
CONTROLLED BENDI NG 5 The present invention relates generally to

m cr o- meoh@nt/eabs devi ces, and nore particularly, to a m erenghes7 194 zed
vertical -thermal actuator with controlled bending that is capable of
repeat abl e and rapid novenent of a mcroneter-sized device off the surface
of a substrate. 10 Fabricating conplex mcro-electro-ne t ens
(MEMB) and micro-optical -el ectro-nmechani cal systens (N[ﬁmmm’ﬂmu” [ﬁ
represents a significant advance in mcro-mechanical device tec

Presently, mcroneter-sized anal ogs of nany macro-scale devi &9é5§ have been
made, such as for BMREOEAGTING VERTICALIHERMAE, ACTUADOR, switches,

pol ari zi ng devi ces, and acme V] IC be fabri cated, for 15
exanpl e, using Milti-user ' ail abl e from Cronos

Integrated M crosystens |ocated at Research Triangle Park, North Carolina.

*Appl i cations of MEMS and MOEMS devi ces include, for exanple, data storage
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formng a devi‘ce involves patterning evice 1n
appr opr| at sibktogat i ons on a substrate. As patterned, the device lies flat on
top 6) the s aE)trate For exanple, the hinge plates of a hi nlg&tstructure
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out of the plane of the substrate. Various a’:ﬁﬂfpes of actuators, including
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el ect r ostB¥}YMacIR;seals dewices have hasa mpade. sieh ﬁéﬁlréplﬁd\}’eg%e@wt?@e&nﬁf@r this
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Ther mal Actuat'or for Cro- |"'ect’r o- Mechani
pp. 1337- 4BapnpB9Wjing MhdtiaseulsiEMS processing (MUMPs) available from Cronos Inteorated

SPI E,

Microsystems located at Research Triangle Park, North Carolina. Applications of MEMS

and MOEMS devices include, for example, data storage devices, laser scanners, printer

heads, magnetic heads, micro-spectrometers, accelerometers, scanning-probe microscopes,

near-field optical microscopes, optical scanners, optical modulators, micro—lenses, optical '
20 switches, and micro-robotics.

One method of forming a MEMS or MOEMS device involves patterning the
device in appropriate locations on a substrate. As patterned, the device lies flat on top of
the substrate. For example, the hinge plates of a hinge structure or a reflector device are
both formed generally coplanar with the surface of the substrate using the MUMPs

25 process. One challenge to making use of these devices is moving them out of the plane of
the substrate.

Coupling actuators with micro-mechanical devices allows for moving these devices
out of the plane of the substrate. Various types of actuators, including electrostatic,
piezoelectric, thermal and magnetic have been used for this purpose.

30 One such actuator is described by Cowan et al. in “Vertical Thermal Actuator for

Micro-Opto-Electro-Mechanical Systems”, v.3226, SPIE, pp. 137-46 (1997). The actuator
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WO 02/ 22493 PCT/ US01/ 27144 20 of Cowan et al. illustrated in Figure 1 uses
resistive heating to induce thermal expansion. The hot arm 22 is higher

t han t he wamnthi®yer arm 24, so that thermal expansion dripegasoheriact uat or
tip 26 toward the surface of the substrate 28. At sufficiently high
current, the downward deflection of the actuator tip 26 is stopped by

contact with the 5 substrate 28 and_the hot arns. 22 how.upward. Upgn
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Figure 2. rmation of the“hot arm I's pernmanent and the actuator
tip 26 rendives thelatlvacirath apwawdrdirhichaufaca pplthe dulpoaer 28.f ckinsuffjciantabighent

ractuator 32. Further 10 application of the drive current causes thgbtl
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for setup or one-tinme positioning appfications. The actuators described in
Cowan et ains 22 eapidlyi tfeekzen ih hiae Hohey apeaindrodiiake pallingi the detvagedtipl2st es
substantially nore than forty- five degrees out-of-plane in a single
act uat i on 4Rvesd, apgllpgyatqdd iBeFigyre 2. " Fl i p Chip Assenbly for Si-Based Rf MEMS'
Techni cal Digest., 0 . T th | e ] f 4
El ectro l\/Echani'i(;% E?&E@%tﬁ%n\,l\g# Plt}mt%r%j;vgsv eq$h}é%{r9?flngf@9 g@%@?glace)% bm%’ty
1999, at 2fedtediéd; upvadrd hwethodl appl'i'e-ﬁhgowaeaﬂohﬂﬁltgi 8 NbRRBedPesdt@oConsi gRarthéd ons
of a Flip-Chip Integrated MEM5S Tunable Capacitor” 80 Sensors and Actuators
108- 188 ( 2apbyaticuref thedygveeursint causpas-beeldwdt Fuajar 319 ietataindbe dectiopr30
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vertical \aelyat &g Wtiﬂ@%smoﬁidgmpfhwioﬂ@s T8 actdforNgest ABedir O&ban et

rel ease etchi ngf. step, the base oxide [ayer is partially dissolved and the
remai ni ng NENB liswitgsondhatshey eannel eiaie@r LiX hisgadapiiies subssantiatle moge thasdotnded
to the engosegl surface olf t he I\/EIVP dtev'hce tand t he base 25 polysilicon |ayer
i s renmoved KI8T RSIC8E PREIaPRET Re'0RCSHFPHE" B5Re oxi de |ayer (that is, a flip
chi pyprocess). HR@heesiUlFaRICHSWsEEnbIMb B8 RIMEVS YTk hfigal Wigédnof the
polysilicon substrate, is a capacitor in which the top plate of the

capaci t or TwelgdnlEdl |Iatsinativnsle Gonference ovinwdic Electro Mechanical Systems, IEEE

Microwave Theory and Techniques Society 1999, at 273-278; Harsh et al., “The

Realization and Design Considerations of a Flip-Chip Integrated MEMS Tunable
Capacitor” 80 Sensors and Actuators 108-118 (2000); and Feng et al., “MEMS-Based
20 Variable Capacitor for Millimeter-Wave Applications” Solid-State Sensor and Actuator
Workshop, Hilton Head Island, South Carolina 2000, at 255-258 disclose various vertical
actuators based upon a flip-chip design. During the normal release etching step, the base
oxide layer is partially dissolved and the remaining MEMS components are released. A
ceramic substrate is then bonded to the exposed surface of the MEMS device and the base
25 polysilicon layer is removed by completing the etch of the base oxide layer (that is, a flip
chip process). The resultant device, which is completely free of the polysilicon substrate,
is a capacitor in which the top plate of the capacitor is controllably moved in a downward
fashion toward an opposing plate on the ceramic substrate. The device is removed from
the polysilicon substrate because stray capacitance effects of a polysilicon layer would at a

30 minimum interfere with the operation of the device.



fashi on toward an opposing plate on the ceram c substrate. The device is
renoved from the polysilicon substrate because stray capacitance effects
of a pol wsolokeows! ayer would at a 30 mnimuminterfere wpdh/ddag20perati on
of the device. -2 WD 112/22493 PCT/11 SO | /27144 Lift angles substantially
greater than forty-five degrees are achievable with a dual - stage actuator
system A dual -stage actuator systemtypically consists of a vertical

act uat or and aliffipangles svhgantiallyi greatedan Arb-five degressiase prhigeable with a dual-
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-the Iift. One such dual -stage assenbly systemis disclosed by Reid et al.
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The pr esergneltnﬁggggu%hlw hilegbsed to a microneter sized vertical ther mal
actuator wth controll bendi ng capabl e of repeatable and rapi d novenent
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Control | ed, bendi maximzes the dis of the present vertic

t her mal actbaa%ro Chibe %ﬁaml&%MEMérw&pl\@&?\Eg@BYW% SoAseh tRteds pReH @maf ace
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surface an ree end |l ocate ove t surface. arm hasta first
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the hot armrelative to the surface. A flexure is formed in the cold arm
near the P& end thereof adapted to provide controlled bending. A member

mechggi cal |y anfhe gb&gh rlh@e%'ub}{ 19‘&9&@& td Q%fe?&ﬁet@ Qi%ed)fvextn%l mgﬁmzﬁnﬂuﬁ%r
arnms such that the actuator bends 25 generally at the flexure so that the
menber noweish aweolled dending capdide Dﬁt@eaﬂabla andnramdtmovement of a mlcrometer—51zed
optical device off the surface of the substrate. Controlled bending maximizes the
displacement of the present vertical thermal actuator.
The vertical thermal actuator is constructed on a surface of a substrate. At least
20 one hot arm has a first end anchored to the surface and a free end located above the
surface. A cold arm has a first end anchored to the surface and a free end. The cold arm is
located above the hot arm relative to the surface. A flexure is formed in the cold arm near
the first end thereof adapted to provide controiled bending. A member mechanically and
electrically couples the free ends of the hot and cold arms such that the actuator bends
25 generally at the flexure so that the member moves away from the substrate when current is
applied to the at least the hot arm.
The flexure comprises at least one of a recess, depression, cut-out, hole, location of
narrqwed, thinned or weakened material, alternate material or other structural features or
material change that decreases resistance to bending in that location. In one embodiment,

30 the hot arm and the cold arm comprise a circuit through which electric current is passed.

In another embodiment, a grounding tab electrically couples the hot arm to the substrate.
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applied to the at |l east the hot arm The flexure conprises at |east one of
a recess, depression, cut-out, hole, location of narrowed, thinned or
weakened watient@b, alternate material or other structural pegatsdi/esspr
mat eri al change that decreases resistance to bending in that |ocation. In
one enbodi nent, 30 the hot armand the cold arm conprise a circuit through

which electric current is passed. | n another enbodi ment, ?roundl ng tab
el ectrical ‘%G‘&P@%l“%fﬁ'é vibh ther ghoppdingdaly jBe ool arm can %0021 Y begipctrically

PCT/ USO / 2 ment with the grounding tab, the cold arm can
optional | y%’ﬁe IHIIE%Q S isolated fromthe hot arm In one enbodi nent, a
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above the hot arm The cold armcan be | ocated di rectly over the hot arm

The first é’ﬁ%lObmoquéd%ﬁxaﬂmnéaﬁngj@dlrmﬁya@&éhﬁe@P]@@rrtlhe substrate adj acent
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first end anchored to the surface and free ends | ocated above the surface.
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hot arm 15 anchore u ce and a_free end.l ocated
above t he QEWF Eda arg- c% “&etalglf’?{ﬁ‘t?g%‘o’a“ éet“g fﬂm @7189@&“{101‘? ARE EPqdientang
a free endheThge£0ble A6MIS cb%ﬂ%c%dmﬁ)bﬁﬁfearmfs Qﬁclhﬁﬁwﬁé@frl {é’ﬁd Xr?chBFédttBGLhe
surface. A reinforcing nenber is formed in a first portlono

arm A secéwitaosand frsa ends Iohated abavepbasurfacehout t he rei nf orci ng rrenber |s

adapted to royi de ontrol ed b ndi n f the vertical thermal actuator. A
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current is applied to at | east the hot arm |n another enbodinment, the
vertical thenied a fitst ead enclivasd to fiersstfadeeh afreherd. f Thetold arm is located above
the hot arm relative to the surface. A reinforcing member is formed in a first portion of the
cold arm. A second portion of the cold beam without the reinforcing member is adapted to
provide controlled bending of the vertical thermal actuator. A member mechanically and
20 electrically couples the free ends of the hot and cold arms such that the member moves
away from the substrate when current is applied to at least the hot arm.
In another embodiment, the vertical thermal actuator has a first beam with a first
end anchored to the surface and a free end located above the surface. A second beam has a
first end anchored to the surface and a free end located above the surface. A member
25 electrically and mechanically couples the free end of the first beam to the free end of the
second beam. A third beam has a first end anchored to the surface and a free end
mechanically coupled to the member. The third beam is located above the first and second
beams relative to the surface. A flexure is formed in the third beam near the first end
thereof adapted to provide controlled bending. First and second electrical contacts are

30 electrically coupled to the first ends of the first and second beams, respectively, such that



end anchored to the surface and a free end | ocated above the surface. A
second beamhas a first end anchored to the surface and a free end | ocated
above theveuwbhaee. A nenber 25 electrically and mechani calplcy/ 1 s0uptigs t he
free end of the first beamto the free end of the second beam A third
beam has a first end anchored to the surface and a free end nechanically

led to the member The third beamjs |ocated abpve the first and d
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el ectri cal beams relative to the surface. A reinforcing member is formed along a first portion of the

third beam. A second portion of the third beam without the reinforcing member is adapted

20 to provide controlled bending of the vertical thermal actuator. First and second electrical
contacts are electrically coupled to the first ends of the first and second beams,
respectively, such that current supplied to the first and second contacts causes the first and
second beams to thermally expand and the member to move in an arc away from the
substrate.

25 A plurality of vertical thermal actuators can be formed on a single substrate. At
least one optical device can be mechanically coupled to the vertical thermal actuator. The
optical device comprises one of a reflector, a lens, a polarizer, a wave-guide, a shutter, or
an occluding structure. The optical device can be part of an optical communication

system.

30 Figure 1 is a side view of a vertical thermal actuator prior to backbending.



contacts are electrically coupled to the first ends of the first and second

beans, respectively, such that current supplied to the first and second
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pol ari zer, pardeN@ngui de, a shutter, or an occluding structure. The opti cal
devi ce can be part of an optical cormuni cation system 30 Figure 1 is a
si de view of a Veguwe Gais hqr MRl alCt vattoal grermal taudiac kitndinnglled béndMy in
.02/ 22193 PCT/ UsS01/ 27 ure 2 is a side view of the vertical thernal
act uat or of‘cqﬁf‘g\PF%Wi‘ ?EFCS ‘Hd&‘f@é‘é‘ﬁ’al ng. Figure 3 is a top view of a

verti gal ¢ her Mgt Y3t Obhidk 6PRL LOIcRAnDERALDEIGP o ARSI lance wi th the

< present i nventio IS a Si e Vi ew O e vertical thernal

actuat or of Fi gBigurds is Es@wbﬁalsxmsoatfﬁaettidanaienualwmmtohimo\aeé3l cal thernal
actuator of Figure 3. Figure 6 is a sectional view of the Vertical thernal
actuator of Fi gﬁ%cé‘r% = W‘énfﬂ vilew gf dieqsrtigabibesnaliagiiains of Figare 3-her mal
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an alternate flexure for a vertica errra act uat or accor

t he presenpodinventi on. Figure 9 is a sectional view of an alternate flexure
for a vertical thermal actuator in accordance with the present invention.
Fi gurl® 10 | s a SEYE Snisl2 (GReWicst ohAbaHenal flexHatier £ extineb tesmalactuater éml

t her mal gg&a“@é Wlth'tﬁ'e ?ﬁgﬁtq%mow th the present invention. Figure 11 is
0

a top vi ew of an alte exure for a vertical thermal actuator in
accordance W t hFiduge 91’1§§ e¢ttiohMMEEW 00 Bn aftbi@bleerlckdrd for @ veARaVtheMhDfac@ator in

t wo- beam vertical thermal actuator in accordance with
accordance with the present invention.
Figure 10 is a sectional view of another alternate flexure for a vertical thermal
15 _actuator in accordance with the present invention.
Figure 11 is a top view of an alternate flexure for a vertical thermal actuator in
accordance with the present invention. |
Figure 12 is a top view of a two-beam vertical thermal actuator in accordance with
the present invention.
20 Figure 13 is a side view of the vertical thermal actuator of Figure 12.
Figure 14 is a sectional view of the vertical thermal actuator of Figure 12.
Figure 15 is a side view of a two-beam vertical thermal actuator in accordance with
the present invention.
Figure 16 is a top view of vertical thermal actuator with multiple reinforcing
25 members in accordance with the present invention.
Figure 17 is a section view of the vertical thermal actuator of Figure 16.
Figure 18 is a top view of an alternate vertical thermal actuator in accordance with
the present invention. I.
Figure 19 is a top view of an alternate vertical thermal actuator in accordance with

30 the present invention.



the present invention. 20 Figure 13 is a side view of the vertical thermnal
actuator of Figure 12. Figure 14 is a sectional view of the vertical
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vertical thermal actuator in accordance with the present invention. Figure
16 is a top view of vertical thermal actuator with nmultiple reinforcing 25
menbers in accordance with the present invention. Figure 17 is a section
view of the ver Figua¢ 20hea mypl viawtofiah alteofateFigguea thimaFaquater ih8iccadandeopitlvi ew
of an alter nate vertical thermal actuator in accordance with the present

i nventi on. MERIETEATHYERNON (op view of an alternate vertical thermal

actuator in accesanes i inerid NfusRLESLBE ahRYBRAI Mich-if POrl224R%
- PCT/ US01/ 27144 lgure 20 is a top view of lternate vertic t herma

act uat or i preagrgondkmnoe. With the pr esent |nvent|on Fi gure 21 is a
schemati c iIIuséJhatlon of. an opti switch in accordance with the present

invention. 5 ThdDHr¥EEH INYRAUAR TS tqsegoalaegngl@-sépgg Hﬁ‘it’éa]sf%@al FEHRIOE ayith
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used herein, "contro ers to bending that occurs prinma
at a discr mfaslto(bandmg thatathes ptianilbai agisdiest Yocitivne dathal tamgbdihg dt&@hﬁtﬁe@f
the vertical thermal actuator. The m croneter _sized vertical thernal

act uat or i 30B&pabPeATRT of disesrtindl eheamal AHBIEr ndlie mEAOISIAr stredpieatinal thaymak
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mechani cal , opto- nmechani ca
opt o-16l ect r o- rTE(AhaIse(t atrefte Vinio-méahhitd devRehrabo gy nfiobnictddssizeatmdiganical,
m cr o- nechani cal devices is avail abl e usgﬁg the Multi-User NMEMS Processes

(MUVPs) f r BRPCPEIgRIcRht ElsFie @&FCM@%sy@t ofelehpweechrnirdsdayien  TMasAbs e
Cark, Don BeRuok A (RN Rl USSR BB SBRIMIE Wit o
Cronos | nt BIHMS Rtocdédsey QAYMBYErom Cronos Integrated Microsystems located at Research
Triangle Park, North Carolina. One description of the assembly procedure is described in
15 “MUMPs Design Handbook,” revision 5.0 (2000) available from Cronos Integrated
Microsystems.

Polysilicon surface micromachining adapts planar fabrication process steps known.
to the integrated circuit (IC) industry to manufacture micro-electro-mechanical or micro-
mechanical devices. The standard building-block processes for polysilicon surface

20 micromachining are deposition and photolithographic patterning of alternate layers of low-
stress polycrystalline silicon (also referred to as polysilicon) and a sacrificial material (for
example silicon dioxide or a silicate glass). Vias etched through the sacrificial layers at
predetermined locations provide anchor points to a substrate and mechanical and electrical
interconnections between the polysilicon layers. Functional elements of the device are

25 built up layer by layer using a series of deposition and patterning process steps. After the
device structure is completed, it can be released for movement by removing the sacrificial
material using a selective etchant such as hydrofluoric acid (HF) which does not
substantially attack the polysilicon layers.

The result is a construction system generally consisting of a first layer of

30 polysilicon which provides electrical interconnections and/or a voltage reference plane,

and additional layers of mechanical polysilicon which can be used to form functional
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Pol ysilicon surface m cromachi ni ng adapts pl anar fabrication process steps
known. to the integrated circuit (1C industry to manufacture

m cr o- el agphe2a@ehani cal or m cro- nechani cal devices. Thecshgogeng

bui | di ng- bl ock processes for polysilicon surface 20 m cromachi ning are
deposition and photolithographic patter ning of alternate |ayers of |ow

stress polycrystalline srlrco o referred to a srlr nd a
sacrifi (I?i af\éféﬁét"@rraﬁgmgf Hm S'@?Pg‘?'ri(ﬂ nuleyered Bramy; (8,50HP %r‘g‘éé/ @’.ﬂ“i}c EF@%‘?}S
Vias et Cheftﬁt REQHIAICRG. ?@Hch%ﬂ G- gtanewr ?h@%] bsmt@d%atse dgtg%?elt th:t@ttél?x{lsm-

provi de anc points to a substrate and ani cal an l'ectri cal
I nt er conneplanohsefbmt toee tortftpargpionyeenkiatigrpardied ts theFuntate ofiabe altstretetadahet he

.device are 25 built up layer by layer using a series of deposition and
pat t er ni ng!$Pec O¥EokPEps’ f‘?i?‘tE,Orat‘tﬁ’éflgﬂ’é‘\?f’ﬁér%‘tt?fu@‘ta&rzérq degBfploefRA! MR an

be rels easege%rggs %Yn@@?@thel%ﬁg rorg}:f\{hétgugsngtesacrr ficial material using a

<sel ective etthant such as l'uoric acid (HF) which does not

substantial | y aflypiekl inglapolayesall dimensibay ef the flin@ioneiseibinents can e1s tfrang bhen
system generally consisting of a first layer of 30 polysilicon which

provi des efHetopieEsa|to peMeet DBAdEE IMisTpsesers) Whilethg dpeh Huckigsses arsdapispliinabout and

Functi onal 2 PGB8 3oage per, (BORYE: B & e Bu GriBY T refielin
canti | ever edhheiaps, ot largeampiteK offugigtassenitled device| cas Y8 haith-fabrldi€ededt & K@icon

structure is located in-plane with the substrate. As used herein, the term
181 aneﬁubséﬁ@r‘gﬁft@tanba‘?ﬁdrfgtj?la@q Eﬁteéﬁftérbé)l I y parallel to the surface of

t he substrate aﬁj ué&gS tlltrgu tysgrape a ?n{t%ng)ogtment otf% %Ir&(%)aﬁ]fttltcgrtna?%t%uﬂor 5

greater than zero rees OUt ni ne rees r Ive e sur?ace

of the subsftithatentroligpl satdmgnnplaaaﬁdt@teewah tﬂnbnﬁﬁﬁn@ﬂﬁv@lﬁlobhe Aflsungddi gerein,
el ements can range fromone mcroneter to several hundred m croneters,

whi | e the ["esftiealtthpina eapduntora islery b¢ camigroaipeehanical deyire copaiies. repradahly e
the entire process i.S Fgewc d Cfa ion ar ge
d dae

norper of PR Sbakfal 8875 Sluer AR Biahg p2ROD 381 b8 BibEERRE pEon SThe! S

substisat e védid@Uhedml 38R0 isRiigfRed d-blans DAND bt facki FU QbsiBatk tyzouygttaﬁy
illustrate a first enbodinent of a vertical thermal actuator 50 wth

control | edc%‘@ﬁ'dt?lng aj siliepncwaign Ad avidl tahla:rfheofp%ﬂe‘g@nmltrrdw%éwﬂﬂmxtedmshm@d The

her ei n, rt|c$(l) e t uat.qr " cal ice
capabl e of aéli%%t(e)%_ kﬂc?ud’es a ﬁrsaﬁayer %8 of pofaysﬁlcon liocafﬁed onctfle layer 0 s 1con m{jrrde 5%

As best seen in Figure 6, the first layer 60 comprises a bump that forms the reinforcing
member 85 in the cold beam 84. A second layer of polysilicon 62 is configured to have
20 first and second anchors 64, 66 and a pair of beams 68, 70 arranged in a cantilever fashion
from the anchors 64, 66 respectively.
In the embodiment illustrated in Figure 3, the anchors 64, 66 include electrical
contacts 76, 78 formed on the substrate 52 adapted to carry electric current to the beams
68, 70. The traces 76, 78 typically extend to the edge of the substrate 52. Alternatively, a
25 wide variety of electric contact devices and/or packaging methods such as a ball grid array
(BGA), land grid array (LGA), plastic leaded chip carrier (PLCC), pin grid array (PGA),
edge card, small outline integrated circuit (SOIC), dual in-line package (DIP), quad flat
package (QFP), leadless chip carrier (LCC), chip scale package (CSP) can be used to
deliver electric current to the beams 68, 70.
30 The beams 68, 70 are electrically and mechanically coupled at their respective free

ends 71, 73 by member 72 to form an electric circuit. In an alternate embodiment, beams
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novi ng an optical device between an in-plane position and an out-of - pl ane
position. The 15 vertical thermal actuator 50 is disposed in-plane on a

surface aofoasupstrate 52 typically conprising a siliconpeafig/sAasMth a
| ayer of silicon nitride 56 deposited thereon. The actuator 50 includes a

first layer 60 of polysilicon |located on the |ayer of silicon nitride 56.

As best se LR Figure 6, the first |ayer ises a.bu a or

The rei nf ot Al A lbEieas CORPIER S P e De . AN MR B T bF lectritally
pol ysi i copo@led %h&oaeztrhwsedot@ BEM&et2P fohrﬁlte tBshAe N th %eaha{esm%nv@t@d and
a pair of beans 68, 70 arranged in a cantilever fashion fromthe anchors

64, 66 res penﬁlgureﬂlgn (sthltghEB ®ndnddheractivatdd| Qslmﬁgvamedn (see Figyue &).3Thd grouadiopor s
i el ectri contacts 76,.78 fo on the substrate 52

.64, 66 I
adapt edl ? gtiiﬁ?ya%l B qxe; Ig mmeTBbET QR SRS B er 8t 1sslapteddorpajpian %ﬂa%
typically %fhe{f‘lg cbital™®. €498, Idlﬁ%ﬁlbséég%ter@&?waﬁ n§ I §hd tnb&ﬁln%nﬁ%x?&os

svariety of electric contact eV|c s and/ or packagi hg net ods such as a
grid array hefedGA), |and grld array (LGA), plastic | eaded chip carrier
(PLCC), pin grld array edge card, snall outline integrated circuit

(SO C), dual in- Ilientéeaﬁ]éc@dg @ars physieplyaseprested famy Hise fiysoptmyer §0c 511t stheni p

carrier h 6a L

current 1 o aaf KRl B RRAbGIL 227Dy 43 difplct Pl ey ol Feh be
mechani cal lfyrneduipl 8d raémbérei2 to eappat itve béanee 68,7 abd e, thEBSdbytrznerﬂzer Inant 0
forman electric circuit. In an alternate _enbodi nent, beans -8 WO

112/ 29493 pltgngiesmbodsmentatheglimples &t bugips Jegap Be (9rrecsLion B ubsEioAdiMgn t ab
77. Th t I | 7 t
e ar %Hgéi @%tde%ggg&aﬁgﬁgh; %t%h il FiguPs'R tﬂg bbdl §af65a %ener{ﬂ de ,gargﬁgttéc

79 on the € unactivate con i’gur at ivon ure

4) and t he tacdurfaaé eﬂcrﬁqnﬁstgw §2.1 @R usé®Rerbing tee ufdctivhtid @nagRatiog’ ref@b to/d
can be a flexible nmenber or ﬁ;l ng menber that is adapted to nmaintain

contact 5 @PRditiphén eﬁmfambsmtla goowntgnhés pased dnonsh theediranitt formeq byfthe he

enbodi ment sed gi e be 68, 70 are physically separated
fromthe fi%?%'{’%ﬁa eé’bbe&[)] aﬁg\ttheth%eélm ﬂgsnbe 72 is located above the

substisat e 52. Onetiard MREe 8didTPRsillcbnRYcRPizlRAakity aBéanchér BB AithdhetiN® the
menber 72 to su port t he beans 68, 70 above the substrate 52. In an 10
alternate EwWiba@icnEhrear tieanghenbbEtor Thathid laver 88 dotmes wrperbeam §4 chetilevered

substrate Pom e £H8hor 82 with a free end 83 mechanically coupled to the member 72 above the

beams 68, 70. In the illustrated embodiment, reinforcing member 85 is formed in the

upper beam 84 along at least a portion of its length and flexure 87 is formed in the upper

20 beam 84 near the anchor 82. In one embodiment, a metal layer is optionally applied to the
upper beam 84.

As used herein, “reinforcing member” refers to one or more ridges, bumps, grooves
or other structural features that increase resistance to bending. The reinforcing members
are preferably formed during the MUMPs process so that it is integrally formed with the

25 upper beam 84. In the illustrated embodiment, the reinforcing member 85 is a curvilinear
ridge (see Figure 6) extending along a portion of the upper beam 84, although it could be
rectangular, square, triangular or a variety of other shapes. Additionally, the reinforcing
member 85 can be located in the center of the upper beam 84 or along the edges thereof.
Multiple reinforcing members (see Figure 16) may also be used.

30 - As used herein, “flexure” refers to a recess, depression, hole, slot, cut-out, location

of narrowed, thinned or weakened material, alternate material or other structural features
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unactivated configuration illustrated in Figure 4, the beans 68, 70 are
generally parallel to the surface of the substrate 52. As used herein, the
"unacti vaveaepnii guration” refers to a condition in whie¢tauhstagiially
no current is passed through the circuit forned by the beam 68, the nenber
72 and the beam 70. 15 A third layer 80 of polysilicon is configured with
an anchor 82 attached to the substrate 52 near the anchor 64, 66. The

third | ay - Or iyl 1 the anchor with a
free end g%‘ﬁﬂﬁﬁﬁﬁﬁgg 9%%5€§ﬁg%§§gﬁ?ﬂ%h&%§§@§q9fIg%@égafH%HIB%aﬁgg ?670.
In the il Inuseéras edtabidofod useata fleaira imlcienglysidal méal bﬁpél?ﬁl@ﬁé’ﬂia&ﬁaheAs

upper beam 84 along at_|east a portion of its length and flexure 87 is

-formed i nteHdlluppeed poFigagmigadre dhe HepuraSeivn rg2ss 8% Bhe resatsolfl eamprisea
metal |ayeg. i i I | j e er. beam 84. As used herein,

"reinfor c?lﬁleg%ﬁ%‘e?gﬁgk@f%lfrtggﬁlgbgﬁ%éa%} ts%b%&‘ﬁ%?%c&e i© @ﬁ%og’ mﬁf‘oﬁ@%% (& FEdt her

- st ruct ur aldufiegtaceesioh hft the N GaS ahé@gil SAcBRER §®@ bERGhas. crdResebGhhif fF Ghag
menbers are preferably fornmed during the MUVPs process so that It is

i nt egr al | yleKBrerRrailiustrated ipEieypmsdranselfn 84. In the illustrated embodi ment,

the reinforcin 85 I,s a curyilingar ridge (see. Figure 6) extepding
along a porti o%hgfﬁpﬁgyu%pghre BRI, eam t ORI ﬁ} . oHIng‘:tEfeO{ e AleRUGI g?
square, tde@ngiledrtood lagy @kiedt Yhemphhele SRAREH aAILERRS! dYihel &fitrolled
reinforcing _menber 85 can be |ocated in the center of thé upper beam 84 or

al ong t he bERAYBE of Her watical thasma] pteatpep@f dr enpgmbedivemnt the exunforgug emetder may

al sgpbe u 8 ot exurgr refers to .ecess, depression,
ot 0% a1 oS5 LY ARERAREL Bl pe RPN S P iRet B PodiBERE fo iRBR e
al t er nat e nigaites i33l exténdotdl@iy & pbiMichiathe (PBEUP&SH 84 0bMBPRLRRE93 used. The
PCT/ USO / 27144 or material change that provides controlled bending in a

parti cul aPoitwaai die uppearcheanx 84 wibeuti tesregiprcaly mefuber 8Seisathealobht@nupe

i ncl ude p i,li;,gon,. metal or polyneric naferial. best _illustrated in
i qur s SEufE el @ af ye RinghriiEiniale BBbSHoni ki Mees 87 o etpiagrn S
the weakebéars ®al willoffiné NenPARE RAFROES SRRALBCIE S Y ¢ Bld RRAIESbr

| i kely to bend 5 during actuation of the vertical thermal actuator 50.

Al t dPnat ectedisdderdingns for the flexure 87 are illustrated in Figures 9

?nga?é 'é’f;e ri gxl \qllath i %or}ngg at'f en'rlen?t?e?r%BaAfld/ro? lfx%te ie\r{g 85 (t)o %nggharniic%illg'icggplgfthé he
free end 83 of the upper beam 84 to the member 72.  Other structures may be used to
mechanically couple the upper beam 84 to the member 72. The upper beam 84 is
generally parallel to surface of the substrate 52 in the unactivated configuration.

20 Figure 7 is a side sectional view of the vertical thermal actuator 50 of Fi gures 3-6
in an out-of-plane or activated configuration. The “activated configuration” refers to
applying electrical current to one or more of the beams. In. the illustrated embodiment,
electric current is applied to the circuit formed by the beam 68, the member 72, and the
beam 70 (see Figure 3). The beams 68, 70 are the “hot arms’ and the beam 84 is the cold

25 arm. As used herein, “hot arm” or “hot arms” refer to beams or members that have a
higher current density than the cold arm(s) when a voltage is applied. “Cold arm” or “cold
arms” refer to beams or members that have a lower current density than the hot arm(s)
when a voltage is applied. In some embodiments, the cold arm(s) has a current density of
zero. Consequently, the hot arms have greater thermal expansion than the cold arms.

30 The electric current heats the hot arms 68, 70 and causes them to increase in length

in the direction 90. Expansion of the beams 68, 70 causes the free ends 71, 73 of the
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determnes to a large extent the magnitude (|l ocation and direction) of the
controlled bending of the vertical thermal actuator 50. In one enbodi nent,
t he rei nfwoebpgygenber 10 85 is used in conbination wth teeedshexuse 87. In
anot her enbodi ment, the reinforcing nenber 85 extends al-ong a portion of
t he upper beam 84, but no flexure is used. The portion of the upper beam

84 without th i nf i 85 is th i f. trall
bendi ng. 1V "B bistualih T Rapeve i ouREAE St @ Prisaing Bne ot SHad n
the beam B4 MehRabbst Nemer &I1MTAANHCIN hoWRNDE s &Red YUE el AiRhot RE a@xb%ﬁcaﬁ} I'S

the location of 15 controlled bending. A'via 88 is formed at the nembér 72
and/ or fr geoleted s@that thermmokanintiatlly pr sobpngiali passés beovghdheddraiit fohredippte

-beam 84 tq the r 72.. Qther_structures nay be used to nechanically
coupl e th&%ﬁg@%ﬁﬁwgﬁvqrgwﬁg @rrber 72. The upper beam 84 is generally
paraldel to surbacg @k He(l;%t s EA @et@f@ed Rlet&')ﬁi h&?ﬁ%{i}'a‘ﬁﬁttﬁg hlﬁpﬁﬁfxﬁs%ﬁ,af()', qn.

.20 Figure 7 is a side se onal view of the vertical thermal actuator 50 of
Fi gur es 3-miomem isnaxartet-onfthg balderar84andar that adhar@2f i Therald o 34 bendsaehi that ed
configuratjon” refers to applying electrical current to one or nore of the
beans. | n {g¥81s 7, Gesuitinedn sk di mengneag the; feeeqidisriban woylddicewgwithoythe

circuit f e t I , o e Figure
3). The bce{génrggég% g7’;]0 ar ga{ﬁ%gﬁ mﬁo('?faﬂirmnsgfgge?r?égteﬁgpfgeog%]%gﬂq:ﬁggqrgsgﬂé%ﬁ%dt%@garm
As used henetion 92 bbtheanhd' arar 84.hThe a¢inkorcing inemtied Sbaasiss dendirghakng thdiadld have
a higher current densjty than the cold ar%g) when a voltage is applied.

" Col W ar niargy 84 that wouldy prmaliy ogeur peap dhgmembenthiden atlnad 1hBlpeedqal thoudiee

t d [ : t ] i 8d. I
emboa mente ‘thar ol 44 apd ol MR HeRefeh (9F ol oD B mileidl)

t he hot arno® mryem@eRatWher the rcibkneixpanghaed, thavertibs thahthl actsior 30 rdth@s
el ectric current heats the hot arns 68, 70 and causes themto increase in
length i roitherginabanpesivatd copfipanypoluskated & Baarest. 68, 70 causes the free

ends .71, 73 of =10 12/ 22493 PCT/ USQL / 2 4 vertical_ thernal
actuator 50 to ﬂr}%\?}ealfe%naéérﬁ\gﬁn%\?égnégng %’egﬂc{l%re eraagijtﬁeg cpidy %linhg]&f%? cegecg?fag%d

di spisacemeatipl@d to fHeemebe 7. NABRasthOp&ViBk of tie dukreadflaWinharoRs gy h&Zirapd
electrically isolated so that the current entirely or substantially passes

t hrough t K8, dPritQyvs: alpeg thedcadld med4 Fotheadnshonss- Foisae persitie s allzaf the
current flowing through the hot arms 68, 70 exits the vertical thermal actuator 50 through
the cold arm 84. The material and/or geometry of the cold arm 84 is adapted to have a
lower current density than the hot arms 68, 70, even when the same voltage is applied. In
20 one embodiment, the cold arm 84 is formed from a material with a coefficient of linear
thermal expansion less than the coefficient of linear thermal expansion of the hot arms 68,
70. In yet another embodiment, the cold arm 84 is provided with a lower electrical
resistivity by having a larger cross sectional area. In another embodiment, a conductive
layer is provided on the cold arm 84. Suitable conductive materials include metals such as
25 aluminum, copper, tungsten, gold, or silver, semiconductors, and doped organic
conductive polymers such as polyacetylene, polyaniline, polypyrrole, polythiophene,
polyEDOT and derivatives or combinations thereof. Consequently, the net expansion of

the hot arms 68, 70 is greater than the expansion of the cold arm 84.
In another alternate embodiment, all or a portion of the current flowing through the
30 hot arms 68, 70 flows through grounding tab 77 to the contact 79 on the substrate 52. The

grounding tab 77 maintains electrical and physical contact with the contact 79 as the
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5 Due to the height difference between the cold arm 84 and the hot arns 68,
70, a nonent is exerted on the cold arm 84 near the anchor 82. The cold
arm 84 bandszmaas the flexure 87, resulting in greater dpgplgoeimp near
the free end 83 than woul d occur without the flexure 87. The hot arns. 68,
70 al so bend easily, offering little resistance to the notion 92 of the

cold arm84. .T reinforcing, nenmber 85 resists hending.along.the.cold 10
arm 84 t havter%ﬁﬁﬁnﬁﬁlrarf&al%?f g eshég 1t 4n W-S%B p?i’t\%ﬂéﬂ t]ge gl d O%)lﬁg?:ed
at the frqRus@Rd iBFigd@7the illustrated enbodi ment, the displacenent 95 can

be fromO0.5 mcroneters to 4 m'crom:;ters. When t he current is term nated,
the vertical tHégurald act wat\oew 5§ a ertueahghermol aqtgator 1 Q) math, anualtecnatey exite

-configuratign illustrated in Fiqure 4. In altern .embodi nent

nchor 55 WdmASEOBRG S Ber PreEh GRS ion o iy HEEE B8 o RS A
72. A | eaglapanRQfatloWkhcoldSinf 4 bt 10d RWhOidH BitaRed R BRtordinBinenttr 70
flows along the cold arm84 to the anchor 82. 1t is also possible that all

of the culO8emtd fiheowanctprs hirl®ugH 2t hdheotutawtss 1684, 104Bxinay teheymmetricahlor

thermal actuator. 5 rough t cold m 84. The material. and/o egnetr
of “the colavaipiisa i Theadopua ARG Tt e e PBRTeRaHY B O SRS hor

arme 68, [fy QVE R of %%te?iﬁﬂala‘ﬁ%st ﬁg_ﬁo%eﬁ he R ih%gdedfréhsgg)es?s@ﬁ]cg rppcammnt .

the cold arm84 is formed froma terial with a coefficient of |Inear

t her mal expending fiorl examplch@pessés holeefdlots,i deptesodnd, tmeead drhegalenedenpenai on of
the hot arns 68, 70. In yet another enbodinment, the cold arm_84 is
provi®ed with ‘%‘Hﬁérlsé‘Péﬁ?rr“iaE?aﬂmssrségfi‘%’t?&‘? yelwalﬁae/iwﬁ aat”fl%ﬂfaglof E’ré’blé"s3
sectional jarag.n |1 RERL ReTe @R Lo fpNiely InORRUEL LNE arth D &IppkShdAhPYA. dgde On
the cold a{rﬁn\{ﬂgﬁp }%ui ta%)l e eé(on uct P@e %t eri%?s inoc(?tﬁlc{g rretpgl s such as 35
al um num lexgipervidtht andgytrems tryga] the rexesssidl aaevaryseith dergbptitaion, and doped
organi ¢ conductive polyners such as pol yacetyl ene, polyan%ﬁL

| | ne,
pol ypyrrol e, pdligdRilGpEcmather gHERRBSFORNECHIT P e \RE4ca therBiRbAFERPHAR of
t her.eof . . i o) : i -eat er
t han t he Sﬁ aggiqgn%lcl) %htﬁgg%eg$§9g%$nﬁg§d0m\e (g]rrl\c/)ét ﬁag"r&g{ytngr?%@f @%éﬁ%}ggfln%%% F al |
or alyortiregulafortifhegtarc rent fl owi ng through the 30 hot arns 68, 70 fl ows

t hrough grounding tab 77 to the contact 79 on the substrate 52. Th
groundi ng tab F7YfaildtiaAkep éf%?#ilaaqfwg}rfamwéﬁea@féawa@talwlteﬁﬂ%ge%ﬁt act

79 as the ;»L1 W0, ﬂc@%&ﬁtt@ﬁé%ﬁ@%@ﬁ&&ﬁ TP{eeﬁEinﬁ@'lgfz hed®ds @otARiRl e

noves fromthe unactivate Itiron to the activated position
outs 124A, 124B in the cold arm or beam 126 in the region between the reinforcing

member 128 and the anchors 130, 132. The length, width, spacing and other features of

20 the cut-outs 124A, 124B can vary with the application. The cut-outs 124A, 124B can also

be combined with any of the other structural features or material changes disclosed herein

that decrease resistance to bending, including for example recesses, holes, slots,
depressions, cut-outs, locations of narrowed, thinned or weakened material.

Figures 12 through 14 illustrate a vertical thermal actuator 150 with two beams

25 152, 154 in accordance with the present invention. The cold arm or beam 152 extends

from anchor 156 in a cantilever fashion above the hot arm or beam 154 and the substrate

158. The hot arm 154 optionally extends from the anchor 156 or from a separate anchor

(see Figure 15). Free ends 160, 162 of the beams 152, 154, respectively, are mechanically

and electrically coupled at member 164. Reinforcing member 166 extends along the cold

30 arm 152 from distal end 168 to flexure 170. Any of the flexures and reinforcing members

disclosed herein can be used in the vertical thermal actuator 150. As best seen in Figure
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illustrated in Figure 7. Figure 8 is a top view of a vertical thermnal
actuator 100 with an alternate flexure 102 in accordance with the present
i nventi onvo e exure 102 includes cut-outs 104A, 5 104Bctrhaii/mans ow t he
cold armor beam 106 in the region between the reinforcing nenber 108 and
the anchors 110, 112. The cut-outs 104A, 104B may be symetrical or
asymmetrical. The cut-outs 104A and 104B can_al so be conbi ned wi th any of

the other l4sthedhot aFm|l5tdadenatssd Widertiecridamt han e@ctfns ihesednpsrdithe c9idt

decr ease ragzl%il%bance to bending, including for exanple recesses, holes,
slots, depressions, thinned or weakened material. 10 Figure 9 is an

al ternat e cr osdn986khdadihert e \¢olddrgal 52t term@hbacitdaindrthdRotakmAisgUben3a i n
-whi ch the recess 89 extends conpletely through the cold arm or upper beam
84. The |wisyith, The dafermdand/aimeeppetsy of HBe reobd 9EmgdSL df apapglieg 6o thafeit

appligation. Figure,10 is _another._ altern tio f.the.vertical
thermr acoRErars arer ErfHPactly ShihERoChE! PR uBER 5ottt i pRueT I e
curve can dRuityWTBIstiisal aBbvas YIANdHe! éiBddimedt? the@uldanrn®risRrik eetthed frofr gur e
11 is a top view of a vertical thermal actuator 120 with an alternate

flexure 1R@etial widle ragaftseentiaf Hineethgrred] evipansireless dan tineotfficicut ef lingar

i ncludes t rallel cuts quts 1 , 124B in.the col.d arm or .heam 126. i n
the regr o BEEMERRREIR Vel ol hnefioer AdBbeub el hFud 755, 15253
The | engt hhroWiet With PRSP BledittaPicbRlivilyeR Hivess Olarddt ¢bg Lfioihea had/Hdr 21248
can vary with the application. The cut-outs 124A “124B can also be

conbithed wionfuciing lafert Kionstduentlgtthe ottiaxphndiemolitheshod rarmeltSéris greatsh dmayethe

di scl osed herein at decregse .f.esistance to.bendjing, ingcludi faqr

exanpl o 1 BB on1BF el SEoRe: WS FERY 5 bR the il Fetiey BRiedfeams
narrowed, fshi NBgd .l Meakanesd T84, elhk Mertiddll AHESS I tldMOWsh chfvel | dpdskd ahe a
vertical thermal actuator 150 with two beans 25 152, 154 in accordance
with the plieseornt 172narsigeneratesTifeng 6drce 874n or beam 152 ext ends from anchor

156 in a cantilever fashj opn above the. hot r beam 154 apd the sybstrate
128 The met niiereeaarhahatny sariding i it ReBR b e dRe po il
sepafat e ape Beitact (1B tBUW D stk - 158! EfheeildandiRY tabl 083 &f plehgahi®aRiblOdr 2154,

respectively, are mechanically and electricalTy coupied at nember 164.
Rei nf or ci rigringmsarbet 66 thattienedlsctakcdmypuphieg vathdhgGubstratel 538 iy mangHinadain thad

Lo o T e B, A e T o St 4 TRERS e B2
Figure through the cold arm 152, thereby increasing the total displacement of the vertical thermal
actuator 150.
20 Figure 15 is a side view of a vertical thermal actuator 180 with cold arm or beam
182 located generally above hot arm or beam 184, such as illustrated in Figure 14. The
cold arm. 182 is attached to substrate 186 by anchor 188. Reinforcing member 192 is
located on the cold arm 182. A flexure 194 is located on the cold arm 182 near the anchor
188. Any of the reinforcing structures or flexures disclosed herein may be used in the
25 embodiment of Figure 15. |
The hot arm 184 is attached to substrate 186 by anchor 190. In one embodiment,
the beams 182, 184 are electrically and mechanically coupled at member 193. By locating
the anchor 188 further from the member 193 than the anchor 190, the vertical thermal
actuator 180 of Figure 15 is capable of greater displacement in the direction 194, but

30 generates a lower lifting force. In an alternate embodiment, the hot arm 184 can be

13-



-12 WD 02/ 22493 PCT/USO /2714-t 14, the hot arm 154 is | ocated under the
cold arm 152 to increase the stiffness of the cold arm 152. In one
enbodi mrenvo obhbeswgol d arm 152, the nmenber 164 and the hot a@cmushf2fiofm a
circuit. The material and/or geonetry of the cold arm 152 is controlled so
that it 5 experiences a |lower current density than the hot arm 154 when a
voltage is applied to the circuit, as discussed above. I n one enbodi nent,
{he col d &Heairahy couples Had TOPBRT an UentBRFAS Diia HORNUBEAFY BB PUIEAdar
thermal e i ~ the coefficient of linear thermal expansion of
t he hot a§§1 EQFV@%§§§&§?§fher enbodi nment, the cold arm 152 is provided

with a | ower elregiréd ¢alandes] slistiateya Ryrtidalvilegnd dcdiQer 200 Osth 5e6ld analorar ea
-and/or a 10 conductive |ayer. Consequently, the net expansion of the hot
arm 154 i $pgerebrast 20handttive hel pamss pokheasts 2fb 2081 i aeqprdaee Wirhe FhecRresaint i s

appl ied {16, g1 euilyd LI, DY LherRealm 108 154, and e, enber. 464,

-the vertica €r na uat or curves upwar

gener at es Hot himdZ04, Q06 el 74bove Mhndishel 2800esl FRRlte 178). ITRUAGK Hfhst2aR, 268
electrically couples the hot arm 154 to 15 the contact 155 on the

subst r at e ex58d froReangheisrflon g0T.abligwEtively,phehelragtss \20f | 206 iheopitonally sxiendhg

menber so that its, el rigal cauplLn i th the subs t 58 i s.maintained
in the aé'i‘%"\“/iteeea“c.ij’f’ 5? @é( sgr © éﬁ%&éh glﬁog[ﬁl‘?eeﬁ% ?rf%hé‘ng%@ﬁtfﬁpﬁdf\’ggys ae

current ( QfiecRghi€Hly @A teleckdi @ cobple@UYoRehbe £1@l d arm 152, thereby increasing
the total displacenent of the vertical thermal actuator 150. 20 Figure 15

i s allside vi ewAopainof/minforcang mearbess 2 18c 22hexsendl 80ngithehcad adn &0nfiom dista

182 | ocat ed erall hove hot.arm or beam 184, such as jl| rated i

162 | 0ot e 505, ke 0 o RS Ry BB e oLl YR el
Rei nfor ci igefMMifder 102 rdififortias h&Ho 28 21 8220 lafh &R AR2ocAidn! SXHE G0t Ant S
| ocated on thé cold arm 182 near the anchor 188.7 Any of the reinforcing
struct ur e€06ér 206 eslatnestadilec bodeatmh@d2ican vagy. bénysefdthenflehees 26 esnfodiingnt
of Figure 15. rm.184 |s attached to substrate 186 b)r/%ta?m;hor 190.

' one. enBEHIESIoRAdeBuAEn be SRl e SRR LNyt PEEHSATCAY y
couplsed abogesflethe 183mbEY 2h8CRBHNNY cirkhie ANCHY ABBafkhefe E51@Mctheosrgaber
193 than the anchor 190, the vertical thernal
electrically isolated from the member 216. Alternatively, some or all of the current
passing through the hot arms 204, 206 exits the vertical thermal actuator through the cold
arm 202 or a grounding tab, as discussed herein.

Figure 18 illustrates an alternate vertical thermal actuator 230 having first and

20 second anchors 232, 234 for the hot arms or beams 236, 238 located closer to the member
240 than the anchor 242 for the cold arm or beam 244. Flexure 246 can be located in front
of, behind, or between the anchors 232, 234 relative to the member 240. In some
embodiments, reinforcing member 248 may extend to between or behind the anchors 232,
234 relative to the member 240. The vertical thermal actuator 230 of Figure 18 provides a

25 greater displacement, with a reduction in total lifting force.

Figure 19 illustrates an alternate vertical thermal actuator 250 having first and
second anchors 252, 254 for the hot arms or beams 256, 258 located further from the
member 260 than the anchor 262 for the cold.arm or beam 264. The flexure 266 can be
located between or in front of the anchors 252, 254 relative to the member 260.

30 Reinforcing member 268 typically extends from the free end 270 to the flexure 266. In the

embodiment of Figure 19, the free end 270 does not extend past the member 260. This

-14-



actuator 180 of Figure 15 is capable of greater displacenent in the
direction 194, but 30 generates a lower lifting force. In an alternate
enbodi mrenwo ot/bavhot arm 184 can be -13 WO 02/ 22493 PCT/ UpShr/1Rd il 44
electrically coupled to a contact on the substrate by a grounding tab such

as di scussed in connection with Figure 13. Figures 16 and 17 illustrate a
t I t uat b 202
o BT ShA s SRR o8 2o s ERRSLESRT BR RS0l e

col d arm Z@%esvitendgs.f rom anchor 208 in a cantil ever fashion above the hot

arnms 204, 206 and above the substrate 210 (see Figure 17). The hot arns

204, 206 ext efguie aﬁ]ikiummm‘ssanzﬂ&mm%rtmﬂttbcmmtliaatallago,r 29Rehalvog fmstnmchtm
4_of the

. 206 i | t h 208.. F d 1
Por o OB RS oAty Bbayb ot fuabe R he FiBier 708 1 dhe sahpE 94 7 ditn ! e
at ngnber 26yl KhaR@bb0 OfTHeCRE RS SidRSr @@W&r e %@ arf b%%.fnezm R211888ed he

+cold arm 202 from di st al end 222 to flexure 224. In the illustrated
enbodi mentlos¢ihte thotmeanty 204thaR G archot 82&t étbxudi BEE thry beidotearedt inefront of,

rei nf orci .menbers 218, 220, al he | ocation of the hot arns 204,
206 rel at B%H?Br gﬁ'é"e&ﬂltée é‘P?ﬁ%@éggaﬂﬁva}l&?“ OAﬁ‘chT‘efflPl% FA8esam, @éengdnip to or

i nf t mal
hotuator 380 FREC0E, h3ht CARRARRAE RirfGRirk imtRBe: 493 SSAEIEHb Gt 20T

one errbodirms ﬂte,rmhlhﬁm@ﬂd;ldn domch2 B3t argns 2MeBd4 iscsmllll g/rentslotlhat afy Exmitiohef ml&rrber
216. Alter nativelgs, sone or all of the current passing through the hot
S0

ar mg 0204, cadgra,d0 tt]Pﬂé anst iftng forasds eferated t‘(a%rewtlﬁ%i@?l{eaéo ds|hgt afzi’ﬂsm 202
or a groungj ng,t %@ss gtﬁgggsﬁa&%f Doudil & QHER %ghé LIS 3 8o mal gﬁrnate
uator 3

vertical thérnal Vi ng |rs secon anc ors 234

for the haod, allidfmet(akpdnﬁm’ﬂSoﬂBéi hotZ3th 29a0wil ietsk g?rlsﬂSﬁﬂhaﬁ thetdx@angsrbéfl the BéCartrthan
t he anchor 242 for the cold arm or beam 244. Flexure 246 can be located in
front of 30bekicAeauentlhdhoemicalbemnpal WSFUé“OZB??O wilriseafram g spbstrafeWitBriber

240. In sqiei £ | qa% n or
behi nd t he aﬁ%@?g%g’%p&ﬁ%ﬂﬁ Fa’tsﬁla n‘ﬁ gggta‘ldggcél%r?l \gﬁ

t herisal adégied efmaacx:mfbd:h@urfedla& qmag&ngle}se mat% lgiRbethedh@pacanenig4 W t h
areductionintg I|ft|n force. %ure 19 illustrates an alternate

vertical tMérrmpdifang thegigio °f1'é‘9|ﬂﬁé“r1e P8t and

Figure 21 is schematic illustration of an optical switch 350 utilizing a 4 x 4 array of
optical devices 352. As used herein, “optical device” refers to reflectors, lenses, polarizing
devices, wave guides, shutters, or occlusion devices. Each of the optical devices 352 is

20 mechanically coupled to one or more vertical thermal actuators illustrated herein. In the
in-plane position, the optical devices 352 do not extend into the optical path of input
optical fibers 354a-354d. In the out-of-plane configuration the optical devices 352 extend
into the optical path of the input optical fibers 354a-354d. The array of vertical mirrors
352 are arranged to permit an optical signal from any of the input fibers 354a-354d to be

25 optically coupled with any of the output fibers 356a-356d through selective actuation of
the vertical thermal actuators. The optical switch 350 illustrated in Figure 21 is for
illustration purposes only. The present vertical thermal actuators may be used in any of a
variety of optical switch architectures, such as an on/off switch (optical gate), 2x2 switch,
one X n switch, or a variety of other architectures. The optical device can be part of an

30 optical communication system.
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second anchors 252, 254 for the hot arns or beans 256, 258 |ocated further
fromthe nenber 260 than the anchor 262 for the cold armor beam 264. The
flexure 266 ocanvbe |ocated between or in front of the anebensog>Rd.4 254
relative to the nenber 260. 30 Reinforcing nmenber 268 typically extends
fromthe free end 270 to the flexure 266. In the enbodi ment of Figure 19,
the free end 270 does not extend past the nenber 260. This -14 WD

112/ 22493 PCT/ US01/ 27144 confi gur atBX0AMALAIST zes bending at the tip and
permts tEe veftical thermal actuator 250 to I|ift heavier |oads. Figure 20
il lustrateSBRCH ternate vertical thermal actuator 290 having first anchor
292 for the ho . £ Sfranst, 1t r t chor
- 298 for the 5%(?2{1 ﬁ?lmggéfatg@% %é(;(l)ﬂ.m}%teeﬁslg(rz%ﬁgﬁaﬁ%i% %%g%t%c?gﬁhaeﬁﬁgﬁparm
or beam 3@4fdr bylroadchhtegrasd MitosyshennefiReseai2b @ riahgla Putie NomtHCarol2@8using

Fl exyre 306 can be located in front of, behind or between the anchors 292,
- 302. “Rei ntsMUAPSBrAsess dasarikedrin XY issign Handbopks’ rexiseqnor-04480) n one
embodi ment, r e'rﬁé %%91#19%8”9 be %%gﬂﬁ.ad‘f a%hf?‘&‘l %ﬁc;%ﬂfe'&:?{] 2t crosh KBt I LB
expansi on for the hot arirs 4, is sti greater than any expansi onh of
the 10 cohisbua2Mmm3éiOneeers kad naicid@ietdrs.f tTHRGuPpRE GRahS8BMeH adth \WhaBoaul TNt
is applied to the hot arnms 294, 304. Assum ng that the expansion per unit
| engt h i sMEGIEMSIERPagdA CEEE Sptonf poviohl migometerhby AanicExpRiASi dmediexfe hot

arm 294 wpi | ter.thag the ion hot arm. 304, :
consequent] g MRBbERIFFANED, kG FIRARS, R0 o8, MRtorflspitang, gout 7
subgor at emidrbhmetrs WideS tTHEQupPRE bearh 8£ BAKSA IRzt tbai£8 aF tHi feRLACENSIHboaf 15e
menber 296 in a direction 310. The 15 degree of tw st can be nodified by
changi ng MhEomeleEt-i ve | ength of the hot arns 294, 304 and/or nodifying the
rigidity of the f]lexure 306. Figure 21 .is schemgtic illustrati,on of an

op'? i cal ysvm' tchﬁggb?cﬂ ilf’z}dgi ‘ﬁlareaat% C1>:'<ed4%%rtb%yC%8? UG tﬂi]aéa‘iungg icglélg Q%fppﬁ%d used
herein, "@péighaltheleviweor I 8fn®y Susty r£f MRatior €000l rews, stiinaravaildfe €eui ces,
wave gui des, shutters, or occlusion devices. Each of the optical devices
352 i s 20Misemanipuddtpy CompanidInco ofriearsrn fiiye N¥r wihdcll wabepetdtedagsingt av s
illystrated herein. the 1.n:plane.position, the optical devjces 352 do
not Taxt end PUTS’ pueb Boht g B RoBPRiRR Gt colpe P bufBhaE RSB RS, Che
out - of - pl su¥ev 46 Niridd PCAIG0QRE t Maltdnidieal /0evb&as haadaexXheimbld fog tNRicaRl i cal

path of the input optical fibers 354a-354d. The array of vertical mrrors
Instruments of Austin, TX. Vertical deflection of the actuator tip as a function of current

‘was determined using a Model FS-60 microscope available from Mitutoyo America
Corporation of City of Industry, CA. The deflection for nine different activation currents
20 is set forth in Table 1.

Examples 10 -12

Opposing force measurements were carried out using a series of actuator devices in
which a cantilever spring had been fabricated into the vertical thermal actuator described
in Example 1. Deflection of the actuator caused the cantilever spring to be bent. Using

25 spring constants of the cantilever spring opposing force values were calculated.

The results of samples 10-12 are set forth in Table 1. Under measurement

conditions, no backbending of the actuator was observed. At current flows above about

4.5 mA backbending of the actuator was observed.
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352 are arranged to permt an optical signal fromany of the input fibers
354a-354d to be 25 optically coupled with any of the output fibers

356a- 356dvohsough sel ective actuation of the vertical thegyalsogeiiwat ors.
The optical switch 350 illustrated in Figure 21 is for illustration

pur poses only. The present vertical thermal actuators may be used in any of
a variety of optical switch architectures, such as an on/off swtch
(optical gate), 2x2 switch, one x n switch, or a variety of other

comuni cat 1 on system F48t drburon G pRe oyt S0 CBRPLES Example 1
An actuator substantially as illustrated in F gWwrage6 Was fabricated on a

-silicon wafap, By Croegﬁ.e nt egr lﬁg ij%qfog&yster@eﬂgcugﬁgsearch sfijeangl e Park,
North Carol
HaLdbookr'(') Ir(?ﬁ’lg;sgﬂlggh ?gbg/uwf K egﬁrr(zns es?%gﬁglstg eng?@&rﬁa&%gut 161

imcroneters ahd a crosg%ectmn of #&bout 2 microfdters x 3 mkPoneters.

The upper beam 84 has ajkength of abgut 175 mcropeters and ggross
section of abgut 11 m%r5orret ers by 2 mcroneters. ,The flexure 7 as
illustrated in Figure is a rectangul ar hole abéﬁt 20 mcronQa ers |ong
and about 7 14 mnicrone2ébs wi de. TheOupper beam 8&.5has a | ength7forward of
the flexure 839 of about3gl55 mcroneteers. Electrigg |eads wergpattached to
the chip such t hat curézgt coul d be %Fpl ied thro h t he act ua# r arms

usi ng a Model 66000 probeé-station available from CI’OITB.I’II pul at'or Conpany,
Inc. of Carson City, NV,5 which was oferated usinglah 15 anplif@.2d signal
froman | BM cgnpati bl e3pgrsonal conpyfer equi ppedlz%t h LabVi ewgsof tware
and PCI - 6025E nul ti functl on 1/0 boar% har dwar e ava| abl e from Nati onal

I nstruments of Austin, 4B Vertical {deflection ofl%he actuator® ip as a
function of addrrent was determ nedOusi ng a I\/bdel4 FSS— 60 m cr o9a3pe

avail able from M tut oy? fnerica Copperation of I ndusfyrg, CA. The
defl ection for ni ne di ferent activatjon currents 0 |s set forth in Table
1. Exanples 1@ -12 1.33 0.62
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OQpposi ng force neasurenents were carried out using a series of actuator

devices in which a cantilever spring had been fabricated into the vertical

t her mal

cantil ever spring opposing force values were cal cul ated. The results of

acbuwabmwsz described in Exanple 1. Deflection of thperaghyetiiof caused
the cantilever spring to be bent. Using 25 spring constants of the

sanples 10-12 are set forth in Table 1. Under neasurenent conditions,
backbendi W%fsqlﬁ@eéé%3uator was observed. At current flows above about

mA backbendi ng of the actuator was observed.

Table 1. Actuator Tip Deflection vs. Applied Current Average Exanple

Current Opposing Fonceelhl atiéman &udtey cohirucad lohi anper®s) of a substrate
-(mcro-Newtons) (mcroneters) (mcroneters) 1 2.00 2.31.0 22.25030.0
3 2.5 0 4comprigng:4 2,75 0 5.5 0.7 53.007.01.0 63.2508.01.4 7 3.5

0 11,0 0.7 8 3.75 0 ,12.0 098‘3%%2‘?32/%1?8&%%‘gﬁcg?’%legé%’?gfggfy 4.175?%7 3 43.11

:3.5 0.87 2.86 0.16 “45%%08°
What is clorhieBdbbwe thd surfacker tical thermal actuator constructed on a surface

of a substrate conprising:

10

15

20

25

30

a cold arm having a first end anchored to the surface and a free end, the
cold arm being located above the hot arm relative to the surface;

a flexure formed in the cold arm near the first end thereof adapted to
provide controlled bending; and |

a member mechanically and electrically coupling the free ends of the hot
and cold arms such that the actuator bends generally at the flexure so that the member

moves away from the substrate when current is applied to at least the hot arm.

2. The apparatus of claim 1 wherein the flexure comprises at least one of a
recess, depression, cut-out, hole, location of narrowed, thinned or weakened material,
alternate material or other structural features or material change that decreases resistance

to bending in that location.

3. The apparatus of claim 1 comprising a grounding tab electrically coupling

the hot arm to the substrate.

4. The apparatus of claim 3 wherein the cold arm is electrically isolated from
the hot arm.
5. The apparatus of claim 1 wherein the hot arm and the cold arm comprise a

circuit through which electric current is passed.

6. The apparatus of claim | comprising a reinforcing member formed in the

cold arm.

-18-
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5 at least one hot armhaving a first end anchored to the surface and a
free end |ocated above the surface; a cold armhaving a first end anchored
to the swbaeeend a free end, the cold arm being | ocat egcahgueriilie hot
armrelative to the surface; a flexure formed in the cold arm near the
first end thereof adapted to 10 provide controlled bending; and a nmenber
mechani cally and el ectrically coupling the free ends of the hot and cold
arms such that 7t he FatuppaanlaifddageBewdein fl fehforlclgxmembenektbrds frog
menber noves away fromthe substrate when current is applied to at |east

t he hot apipximae she fiesaraioipsimae Bk feegndthergier ein the fl exure conpri ses
at |l east one of a recess, depression, cut-out, hole, location of narrowed,
.thinned or weakened material, alternate material or other structural
features or magerialThehppganishat clatIeagRfeil abd $éinftt€ing tBeMBadisnG@dghallyhat,

| ocation. 20 3. The apparatus of claim 1l conprising a grounding tab

< el ecPri cafarpped dupieicalfl artfthe hot armto the substrate. 4. The apparatus of
claim3 wherein the cold armis electrically isolated from the hot arm 25
5. The apparatus of claiml wherein the hot armand the cold armconprise a
circuit through whi ¢he edatdihC FUERRAL 61 ¥hBRESARe RinfdRARREHER Usxthdscl ai m
| conprising a reinforcing nenber fornmed in the 30 cold arm -18 WO

02/ 22493 PRagitwiodly2aladgthe colthemappar at us of claim 6 wherein the reinforcing
menber extends from proximate the flexure to proximate the free end -
thereof. 8. The apparatus of claim6 wherein the reinforcing nenber is
integrally 5 for meghé Bygdhgusof éllaﬁ«ﬁ Blw aqi;r fﬂfel 1%9&?1’&%@*%&1956&%03&&5@5 whesei n

t he reinforcing nmenber ‘extends ongitudinally along the co arm

more ridges extending longitudinally along the cold arm.

11.  The apparatus of claim 6 wherein the reinforcing member is located directly

above the hot arm.

15
12. The apparatus of claim 1 wherein the cold arm is located directly over the
hot arm.
13.  The apparatus of claim 1 wherein the first end of the hot arm is attached to
20 the substrate adjacent to the first end of the cold arm.
14. The apparatus of claim 1 wherein the first end of the hot arm is attached to
the substrate offset to the first end of the cold arm.
25 15, The apparatus of claim 1 comprising a metal layer extending along the cold
arm.
16.  The apparatus of claim 1 wherein at least one hot arm comprises two hot
arms each having a first end anchored to the surface and free ends located above the
30 surface.
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10 10. The apparatus of claim6 wherein the reinforcing nenber conprises
one or nore ridges extending longitudinally along the cold arm 11. The
appar at usy@fz/gi@sm 6 wherein the reinforcing nenber is |ogatradogdetigsct!y
above the hot arm 15 12. The apparatus of claim 1l wherein the cold armis
| ocated directly over the hot arm 13. The apparatus of claim1l wherein
the first end of the hot armis attached to 20 the substrate adjacent to
the first end df/-t helhsokppaipths df4claithel appraprating aoblurhlitynefl weHaki themiag
first end_of the hgt a s attached to the substrate offset to the first
end of thggtélg{%is &N esﬂésrp%' The apparatus of claim1 conprising a netal

| ayer extending along the cold arm 16. The apparatus of claim 1 wherein
.at |l east one hot arm conprises two hot arns each having a first end
anchored to thd8sur flee agpatatfus eef eciden | bcatmprishpve tidest @@ syptitacdeviedd WO

112/ 22493 PCT/ USQl/ 27144 17. The aratus of claim1l conprising a

< pl ur§|2i ty“b%@%‘F%}yc%uP{eﬁé?mflveﬂé@?%@F G 9%he substrate. 18. The
apparatus of claim1l conprising at |east one optical device 5 nechanically
coupled to the vertical thermal actuator. 19. The apparatus of claim 18
wher ei n the optli9cal Tevipperaoongdlsias 18 nehenéinghe ppfidad clevice canipeisss, o of a

pol ari zer, wave %ui de, a shutter, or ap occluding structure. 10 20. The
appar at us "Felaf If9e RBMFE S ‘ﬁ@veagjr“g%lais freredy pdingsius{is-em i ncl udi ng
at | east one optical device. 21. A vertical thermal actuator constructed on
a surface of a substrate conprising: 15 at |east one hot arm having a
firdt end anch@led tlhet ippasiurst ot elagndl Sacdmpsiendn dpticat @dnmboi¢atidrheystem

surface; . . , .
including at least one optical device.

21. A vertical thermal actuator constructed on a surface of a substrate
comprising:
15 at least one hot arm having a first end anchored to the surface and a free end
located above the surface;
a cold arm having a first end anchored to the surface and a free end, the
cold arm being located above the hot arm relative to the surface; |
a reinforcing member formed along a first portion of the cold arm, a second
20 portion of the cold arm without the reinforcing member adapted to provide controlled
bending; and
a member mechanically and electrically coupling the free egds of the hot
and cold arms such that the member moves away from the substrate when current is

applied to the hot arm.

25
22.  The apparatus of claim 21 comprising a flexure formed in the second
portion of the cold beam without the reinforcing member.
23.  The apparatus of claim 21 comprising a grounding tab electrically coupling
30 the hot arm to the substrate.
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a cold armhaving a first end anchored to the surface and a free end, the
cold arm being | ocated above the hot armrelative to the surface; a

r ei nf or ciwg opreriber forned along a first portion of the colpdrarsmrassecond
20 portion of the cold armw thout the reinforcing nenber adapted to
provide controlled bending; and a nenber nechanically and electrically

coupling the fr ends of the . old arns such that.the. nenber noves
away fromthe s%gst PﬂfeeaR%%aﬁusc{}%ﬁ%maﬁ]f‘gﬁelﬁﬂptSF éﬁldta(Smt‘ﬁépeﬁB’ccaﬁ}‘ fﬁgﬁé%j tré‘%m The
appar at us (g héf fign 21 conprising a flexure forned in the second portion of
the cold beam w thout the reinforcing nenber. 23. The apparatus of claim21
conprising a grounding tab electrically coupling 30 the hot armto the
-substrate. -20 WO 02/22493 PCT/ USQ1/27144 24  The apparatus of claim 23

r m HesARPPERES Gf iy 2 § whegindde PRI #Kethp spldacmm coprprisqie

wherein the cold-a

apparat us &quﬁlt%ﬁ%%h%%&k& M}penlg%magge@ and the cold armconprise a 5

vcircuit through ectric curre IS passed. 26. The apparatus of
claim 21 wherein the reinforcing nmenber conprises one or nore ridges
extending longitudinally along the first partion of the cold arm 10 27. A
vertical thernmed® actﬂ]é?t Hpagdiseh claad ! ovbeseia thy irfopang member eemprises one

compri St NGr ort kagds BEABNABh LR Andily Sbn LRI ANRMUSD LR LHY 24! ace and a

free end | ocated “above t e strtface; con aving a first end
anchored to the surface and a free end 15 |ocated above the surface; a

menber electrically and nmechanically coupling the free end of the first
beard@ 0 the fred end overtipdl e®al Baiar eonshHietad bemm tavfiegy of i substraind
anchored tcgmtppﬁingyrface and a free end

a first beam having a first end anchored to the surface and a free end located
above the surface;
a second beam having a first end anchored to the surface and a free end
15 located above the surface;
a member electrically and mechanically coupling the free end of the first
beam to the free end of the second beam;
a third beam having a first end anchored to the surface and a free end
mechanically coupled to the member, the third beam being located above the first and
20 second beams relative to the surface;
a flexure formed in the third beam near the first end thereof adapted to
provide controlled bending; and
first and second electrical contacts electrically coupled to the first ends of
the first and second beams, respectively, such that current supplied to the first and second
25 contacts causes the first and second beams to thermally expand and the member to move in

an arc away from the substrate.
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mechani cally coupled to the nenber, the third beam being | ocated above the
first and 20 second beans relative to the surface; a flexure forned in the
third beagpneaiywghe first end thereof adapted to providepegnisogbhigd

bendi ng; and first and second el ectrical contacts electrically coupled to
the first ends of the first and second beans, respectively, such that
current supplied to the first and second 25 contacts causes the first and
second beans t g hermid dppaexpasitiam WResithe flet e ROMGribdd at fAstane réakay,
fromthe substrate. -21 WO 112/22493 PCT/U S01 /27144 28. The apparatus of
cl ai m 27 wdrpreskiang erd-qutekeleelacalingy Pk aaraived. dhigned RE weakensd matgady aNyPals,
cut-out, hole.. |ocati of o \ L. terial .

ol ternat o HErd RSty thel Hd PUEDpaR LGP ERTERE HEbRhBoendine,
decr eases nhakit3danes to bending in that location. 5 29. The apparatus of
claim?27 conprising a grounding tab electrically coupling the first and
vsecond beams to the substrate. 30. The apparatus of claim 27 wherein the
first and seco be conprise.-a . 10 circuj.t r h i ] R ORT
current is passed. 31°° We@%%spﬁt}cg?lfps%of O%P};%Hﬁgr 5%@%@&%@!’ %%Cglcrgﬁ ﬁ‘lf’lgorl CPng
menber for@edirdt And B ond besids ReRBkutkhad2. The apparatus of claim 28 wherein
the reinforcing nmenber extends from proximte the flexure to proximte the
free end thereof. 33. The apparatus of claim28 wherein the reinforcing

menber is inte Iy fornmed in.the ird be 20 34. The ,apparat us. of
clai m 28 whereifit heﬂ?eef"l?ﬁaf)%g? ﬂBClﬂ’@ﬁ‘ggrwréeﬁlgﬁg%s f“‘ciqdlﬂgisf’i?d’l%nba‘f?'l%f’/ RIMEHSE fhe
t hi r go beamj;cdn thrbligh VARA M ddSc Blrrdph & fik@. Wherei n the reinforcing member
conprises one 25 or nore ridges extending longitudinally along the third

beam

3]. The apparatus of claim 27 comprising a reinforcing member formed in the

third beam.

15 32. The apparatus of claim 28 wherein the reinforcing member extends from

proximate the flexure to proximate the free end thereof.

33. The apparatus of claim 28 wherein the reinforcing member is integrally

formed in the third beam.

20
34. The apparatus of claim 28 wherein the reinforcing member extends
longitudinally along the third beam.
35. The apparatus of claim 28 wherein the reinforcing member comprises one
25 or more ridges extending longitudinally along the third beam.
36.  The apparatus of claim 28 wherein the reinforcing member is located
directly above the first and second beams.
30 37. The apparatus of claim 27 wherein the third beam is located generally over

the first and second beams.



36. The apparatus of claim 28 wherein the reinforcing nenber is |ocated
directly above the first and second beans. 30 37. The apparatus of claim 27
wherei n tweotbigwsl beamis | ocated generally over the firsgcTand/sagond
beans. -22 WD 02/22493 PCT/USO /271 4-1 38. The apparatus of claim 27
conprising a netal |ayer extending along the second beam 5 39. The

appar at us

of claim27 wherein the first ends of the first, second and

third beans are adjacent. 40. The apparatus of claim 27 wherein the firs
ends of the first and second bea e closer to the nenber than the fi
end of the thi i beahhe Soourtus P 1B p: SUBRTIFE & RPRT RO ABPRIIRE I s
ends of the.Jddmtmand second beans are farther fromthe menber than the
.first end of the Itnhi rd beam 42. The apparatus of claim 27 wherein the

first end
of the thi

of the first beamis closer to 15 the nenber than the first e
rd beamand the first end of t

( e second beamis. farther fro
smenbe? than thefir sthéeeARpagtug pkclaim d ‘B&%&Fﬁn Sr}lr?%%‘“gdgatp%tfﬁgi scopfl aﬁ“m
wherein trm:- %b%ﬁﬁs %qudgafceﬁthe third beamis electrically isolated fromt
i . e appar

substrate.
beans are

paratus of claim 27 wherein the first and second
generally parallel to the first surface in an unactivated

configuration. 45. The apparatus of claim 27 conprising electric current
applied to the 4% r stTheoappariius et slain &7ewheien Bnfitabeads of g frst prchseegnd

confi gur atbieQxlﬂF ‘i&% cll&%s & {hr% é{néerﬁl%i é)?ar;\fllﬁé ﬁgsggﬁid 0 ﬁ’l@'mi{c‘f’ g(%a\ﬁ?.d upward away fro

the surface o

hé 'subs aratus o alm 45 wherein at

| eastopa portion of the current in the first and second beans passes
t hrough t he thi4r1d beam 30 -23

15

25

30

The apparatus of claim 27 wherein the first ends of the first and second

beams are farther from the member than the first end of the third beam.

42.  The apparatus of claim 27 wherein the first end of the first beam is closer to
the member than the first end of the third beam and the first end of the second beam is

farther from the member than the first end of the third beam.

43.  The apparatus of claim 27 wherein the first end of the third beam is

electrically isolated from the substrate.

44.  The apparatus of claim 27 wherein the first and second beams are generally

parallel to the first surface in an unactivated configuration.
45. The apparatus of claim 27 comprising electric current applied to the first
and second electric contacts in an activated configuration so that the first and second

beams curved upward away from the surface of the substrate.

46.  The apparatus of claim 45 wherein at least a portion of the current in the

first and second beams passes through the third beam.
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WO 02/ 22493 PCT/ USOL/ 27144 47. The apparatus of claim 27 wherein the first
and second beans conprise polysilicon. 48. The apparatus of claim27

conpri si ngoapebal | ayer extending along at |east 5 one etrthRkeihhupt.,
second and third beanms. 49. The apparatus of claim27 wherein the first and

second beans are at an acute angle with respect to the surface in an
activated configuration. 10 50. The apparatus of claim27 wherein the third
beam i s gener aﬂﬁy pdigl apparatys oft ¢laing 2/ f wisereinntharfirsinast fecaneé dbeamn foogpriae i on.
51. The a%@rsl wg of claim27 conprising a plurality of vertical thermnal
actuators®constructed on the substrate. 15 52. The apparatus of claim 27
conprising at |east one optical device nechanically coupled to, the
vertical thermal actuator. 53. The apparatus of claim52 wherein the
optical devi ced48onprlihseppamemsof claim 20 compristigarmetal lagersextendpg Aongaricasa
wave guide, a.shutter, or ap occluding structure. 54. The apparatus of

clai m 52 88‘?7’&];5%53}5@[ %ﬁ‘f%‘ﬂ)??‘&;’i‘r%g)&ﬁw&ni cation system including at |east one
optical device. 25 55. A vertical thernmal actuator constructed on a surface
of a substrate conprising: a first beamhaving a first end anchored to the
surface and a fiPee dibd dppemtwsdof dbiny@7twieersiurthadast andssscond bbgasnakawi ag a
first end anchored . to the surface and a free end_. 30 .| ocated above the
surface:; AJ4C g8l VohTosRsst tIg(.‘:IW ’Eﬂggaﬁ/“?ﬂﬂ”&teﬁé%@gméi'@btri cally and

mechani cally coupling the free end of the first beamto the free end of
the second beam a third beamhaving a first end anchored to the surface
and 18 free end50necHaniapphiagus aduidied2? ovheten menihed, beaheist fenedilpgaralketag

| ocat ed ahove the first and ] )
the surface in an unactivated configuration.

51. The apparatus of claim 27 comprising a plurality of vertical thermal
actuators constructed on the substrate.
15
52. The apparatus of claim 27 comprising at least one optical device

mechanically coupled to the vertical thermal actuator.

53. The apparatus of claim 52 wherein the optical device comprises one of a

20 reflector, a lens, a polarizer, a wave guide, a shutter, or an occluding structure,

54. The apparatus of claim 52 comprising an optical communication system

including at least one optical device.

25 55. A vertical thermal actuator constructed on a surface of a substrate
comprising:
a first beam having a first end anchored to the surface and a free end located
above the surface;

a second beam having a first end anchored to the surface and a free end

30 located above the surface;
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5 second beans relative to the surface;

a reinforcing nenber fornmed in a

first portion of the third beam a second portion of the third beam
wi t hout tywe oeer€Borci ng nenber adapted to provide the vertpicgalsotnes nal

actuator with controlled bending; and first and second el ectrical contacts
electrically coupled to the first ends of
respectively, such that current supplied to the first and second contacts

10 the first and second beans,

causes the first and mecbercelbracalyt and hvechmmidally exppling thedr¢chendreftier fitso

nove in n are away fromthe suhstrate. 56. The apparatus of claim55

conpri si nseaénfq B e ond PHEY SePdRS28kscond 15 portion of the third beam

57. The apparatus o gl 5 apri e

-coupling the fi rstfaat?ll sgegggln &ge‘émsﬁ{sra%n e su(gg{ljrtgtg}elé %Qgﬁ%{g&ﬁd}he appar at us

of cl ai m hlechdricatlyrcouprdr @i the aneniveg, RNihed BARPbeiagSotie] abdvee efirki GgeS

extend| ng Iongltudl nally along the first portion of the third beam ' -25
second beams relatlve to the surface;

10

15

20

a reinforcing member formed in a first portion of the third beam, a second
portion of the third beam without the reinforcing member adapted to provide the vertical
thermal actuator with controlled bending; and

first and second electrical contacts electrically coupled to the first ends of
the first and second beams, respectively, such that current supplied to the first and second
contacts causes the first and second beams to thermally expand and the member to move in

an arc away from the substrate.

56.  The apparatus of claim 55 comprising a flexure formed in the second

portion of the third beam.

57.  The apparatus of claim 55 comprising a grounding tab electrically coupling

the first and second beams to the substrate.

58.  The apparatus of claim 55 wherein the reinforcing member comprises one

or more ridges extending longitudinally along the first portion of the third beam.



