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Cross-Reference to Related Applications This application is a Continuation-In-Part of copending U.S.
Patent 15 Application Serial No. 10/136,719, filed on April 30, 2002, assigned to the assignee of the
present inventzma@rdancorporated herein by reference. The Field of the Invenqur(bg.ng;Bg present
invention relates generally to micro-actuators, and more particularly to a micro-mirror device.
Background of the Invention 25 Micro-actuators havg been formed on insulators or other substrates
using micro-electronic techniques such as photolithography, vapor deposition, and etching. Such
micro-actuators are often referred to as micro-electromechanical systems (MEMS) devices. An
example of a micro-actuator includes a micro- mirror device. The micro-mirror device can be operated
as a light modulator for 30 amplitude and/or phase modulation of incident light. One application of a
micro- mirror device is in a display system. As such, multiple micro-mirror devices are 200207130 2 17
Oct 2005 arranged in an array such that each micro-mirror device provides one cell or pixel of the
display. A conventional micro-mirror device includes an electrostatically actuated mirror supported for
rotation afgput an axis of the mirror. As such, rotation of the 5 mirror about the axis may be used to
modulate incident light by directing or reflecting the incident light in different directions. To effectively
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Cross-Reference to Related Applications

This application is a Continuation-In-Part of copending U.S. Patent
15  Application Serial No. 10/136,719, filed on April 30, 2002, assigned to the
assignee of the present invention, and incorporated herein by reference.

The Field of the Invention

20 The present invention relates generally to micro-actuators, and more

particularly to a micro-mirror device.

Background of the Invention

25 Micro-actuators have been formed on insulators or other substrates using
micro-electronic techniques such as photolithography, vapor deposition, and
etching. Such micro-actuators are often referred to as micro-electromechanical
systems (MEMS) devices. An example of a micro-actuator includes a micro-
mirror device. The micro-mirror device can be operated as a light modulator for

30 amplitude and/or phase modulation of incident light. One application of a micro-

mirror device is in a display system. As such, multiple micro-mirror devices are



increasing the angle of rotation or tilt of the mirror. Increasing the angle of 10 rotation or tilt of the
mirror, however, may fatigue the mirror and/or produce slower response times since the mirror will be
rotated or tilted over a larger distance. Accordingly, it is desired to effectively increase an angle of
reflected light 282071 micro-mirror device without having to increase rotation Qb @tcp%la% 15 mirror of
the micro-mirror device. Summary of the Invention One aspect of the present invention provides a
micro-mirror device. The 20 micro-mirror device ingiudes a substrate and a plate spaced from and
oriented substantially parallel to the substrate such that the plate and the substrate define a cavity

therebetween 44 (gGHe AIEAS L IRARIPOSET NSRS ISR iRt and a liqui

having an index of refraction gr one is disposed in the cavity between at least the reflective
element and thixgbofte displadich, the reflective element is adapted to move between a first position

and at least one secongdQeiiishJPRAEBSFRFFIFIRIEL eI ay HroaeirbatEally natssteamatic

cross-sectional view illustrating one embodiment of a portion of a micro-mirror device according to the
present inventBTIGHPEPISH 1A P1BHPD GBS AN & heJRIseL (S SKER-ifitatany tige
embodiment ofrirepraibsudtha axiermayiteudeditemodokatn héidtne fyhtbydireetirigor Figure 3 is a
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Figure 5 is a sghgi@igHE oF ﬁé%ﬁ@@i%bw@ﬂ\é&iéétﬁgﬂf‘&%B@M@Q%@%%Mbmp@y‘|ati0n by a
micro-mirror device according to the present invention. 10 Figure 6 is a schematic goss-sectional
view iIIustratinﬂ‘BFﬁ?@H%%%? of rotation or tilt of the mirror.” Increasing the angle o

10  rotation or tilt of the mirror, however, may fatigue the mirror and/or produce
slower response times since the mirror will be rotated or tilted over a larger
distance.

Accordingly, it is desired to effectively increase an angle of reflected light
from the micro-mirror device without having to increase rotation or tilt of the

15  mirror of the micro-mirror device.
Summary of the Invention

One aspect of the present invention provides a micro-mirror device. The
20  micro-mirror device includes a substrate and a plate spaced from and oriented
substantially parallel to the substrate such that the plate and the substrate
define a cavity therebetween. A reflective element is interposed between the
substrate and the plate, and a liquid having an index of refraction greater than
one is disposed in the cavity between at least the reflective element and the
25 plate. As such, the reflective element is adapted to move between a first
position and at least one second position.

Brief Description of the Drawings

30 Figure 1 is a schematic cross-sectional view illustrating one embodiment

of a portion of a micro-mirror device according to the present invention.



of light modulation by a conventional micro-mirror device. Figure 7 is a schematic cross-sectional view
illustrating another embodiment of light modulation by a micro-mirror device according to the present
invention. 15 Figure 8 is a schematic cross-sectional view illustrating another embodiment of light
modulation by2eaiAtéhtional micro-mirror device. Figure 9 is a schematic croqg—g:qtm%' | view
illustrating another embodiment of light modulation by a micro-mirror device according to the present
invention. 20 Figure 10 is a block diagram illustrating one embodiment of a display system including a
micro-mirror device according to the present invention. Figure 11 is a block diagram illustrating one

embodiment of an opyj itch | ' ' ' ice ' invention. 25
Description of the p%}é@rl'g(?, Eﬁml%)%gg#ﬁ%rg&@ nvgﬁ%ﬁg%{\{é{rﬁ%%ed@‘g%ﬁ%ﬁ%%ﬁﬁsp t Fgéﬁr%terred
embodiments,areigretoiErs devieetaaterdiogdentberpreseatinvierfionhich form a part hereof, and in
which is shown by wyQfd W3 URRSRERIEIPREURERMS Whyhis i otiargaian may be practiced.
In this regard, directional terminology, such as "top," "bottom," "front,"” "back," “leading," "trailing," etc.,
is used with rePSFERRSOL WE’BﬁBH@EiGﬂV&QWQQQGF'!PQ@ theireeaertimenti®icause components of the
200207139 4 17 OctRAg0re presarictiviaatio rroas-Secnosdl anad takarmaismenimé difesent orientations,

the directionaHermmgI%% gliHsed for pur Oseﬁoqi'”gr‘?ér ion and is inno.way limiting. It is to be
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understood that Other embo m%sﬁ{gt'nq y%eeurﬂ ized an ostarﬁcl{atr'gpoor Iogr]rlln':%oc érrr\%es may be made

without departiiRyeeraceardiog e ibeirsgntdawentiovention. The following detailed description,
therefore, is not to be-ilpke™ i § YEHERRREERAULIBRAFVRG MLHSRG R divsstiiRet defined by

the appended claims. Figure 1 illustrates one embodiment of a micro-mirror device 10. Micro- mirror

device 10 is a PhlgBtaRAGKIBHIPHRA Bl SHIBRE ARSEAGFRIGH N Iehe Present invention.

10 Figure 6 is a schematic cross-sectional view illustrating one embodiment
of light modulation by a conventional micro-mirror device.

Figure 7 is a schematic cross-sectional view illustrating another
embodiment of light modulation by a micro-mirror device according to the
present invention.

15 Figure 8 is a schematic cross-sectional view illustrating another
embodiment of light modulation by a conventional micro-mirror device.

Figure 9 is a schematic cross-sectional view illustrating another
embodiment of light modulation by a micro-mirror device according to the
present invention.

20 Figure 10 is a block diagram illustrating one embodiment of a display
system including a micro-mirror device according to the present invention.

Figure 11 is a block diagram illustrating one embodiment of an optical
switch including a micro-mirror device according to the present invention.

25 Description of the Preferred Embodiments

In the following detailed description of the preferred embodiments,
reference is made to the accompanying drawings which form a part hereof, and
in which is shown by way of illustration specific embodiments in which the

30 invention may be practiced. In this regard, directional terminology, such as
“top,” “bottom,” “front,” “back,” “leading,” “trailing,” etc., is used with reference to
the orientation of the Figure(s) being described. Because components of the



10 conversion to generate a force and cause movement or actuation of a body or element. In one
embodiment, as described below, a plurality of micro-mirror devices 10 are arranged to form an array
of micro-mirror devices. As such, the array of micro-mirror devices may be used to form a display. As

such, each mik4e2®IFdr device 10 constitutes a light modulator for modulationgﬁg&i%gag 15 light and
provides one cell or pixel of the display. In addition, micro-mirror device 10 may also be used in other
imaging systems such as projectors or printers, and may also be used for optical addressing or
switching, and/or other optical beam modification. In one embodiment, micro-mirror device 10

includes a Subsfgalefivendh LBl AL SRR UANIMEIP ISP Erisiainsaig 30 is orfented

substantially parallel to a surface 22 o strate 20 and spaced from surface 22 so as to define a
cavity 50 thereHiEaghona! lecringingrisrHeed iy RUPRIPS st dlustiation Rd ileneMesubstrate 20 and

plate 30. As Sqmtiig.tuﬁ”i@ﬂﬁémﬁéﬁré{gda HREEHAR S WBBEMEMSPEY Be Lies gReodiment,

actuating element 40 is actuated so as to move between a first position 47 and a second position 48

relative to subSIFRLU5Y Qhlpgiralchengssraxhe madetithautdeeartng femde saaRePhn angle about
an axis obrotatierpréseat itvelitidrnoFiie folldwinh g aktaliog cdeoniplibA iR HifiGisaie thoa solsEng
substantially hpr‘i(zontal :imfnd substantiallx J)%real frate 20 n 48 of
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actuating elemant 40i8 _
actuation of adht@ppesidedesiaints. relative to substrate 20 and plate 30 is described in detail below.

200207130 5 17 Oct3g4% 1N MRBEaHEeRbsaIBBSr s Fleb Wik isvidsrosughbat actuating

element 40 is in contact with liquid 52. More specifically, regardless of the orientation of micro-mirror
device 10, cailire Ae¥ifed!Aith ATt &iPs PRelRSHiaL drBRFEaAIA least actuating
element 40 ancopladesidd. ton genemteralforieand, sty ovenidatiovdbtligtitch o2 s bodyiuat actuating

element 40 is SURINST IR dRd'IHIB bl s MBS VsiolF, ARORRE B WRFE ARt
devices 10 are arranged to form an array of micro-mirror devices. As such, the
array of micro-mirror devices may be used to form a display. As such, each
micro-mirror device 10 constitutes a light modulator for modulation of incident

15  light and provides one cell or pixel of the display. In addition, micro-mirror
device 10 may also be used in other imaging systems such as projectors or
printers, and may also be used for optical addressing or switching, and/or other
optical beam modification.

In one embodiment, micro-mirror device 10 includes a substrate 20, a

20 plate 30, and an actuating element 40. Preferably, plate 30 is oriented
substantially parallel to a surface 22 of substrate 20 and spaced from surface 22
so as to define a cavity 50 therebetween. Actuating element 40 is interposed
between surface 22 of substrate 20 and plate 30. As such, actuating element
40 is positioned within cavity 50.

25 In one embodiment, actuating element 40 is actuated so as to move
between a first position 47 and a second position 48 relative to substrate 20 and
plate 30. Preferably, actuating element 40 moves or tilts at an angle about an
axis of rotation. As such, first position 47 of actuating element 40 is illustrated
as being substantially horizontal and substantially parallel to substrate 20 and

30 second position 48 of actuating element 40 is illustrated as being oriented at an
angle to first position 47. Movement or actuation of actuating element 40
relative to substrate 20 and plate 30 is described in detail below.



element 40 and substrate 20 and between actuating element 40 and plate 30. Thus, liquid 52 contacts
or wets opposite surfaces of actuating element 40. Preferably, liquid 52 is transparent. As such, liquid
52 is clear or 10 colorless in the visible spectrum. In addition, liquid 52 is chemically stable in electric
fields, thermalkostabigowith a wide temperature operating range, and photoch i%'{“éﬁé%b'e- In
addition, liquid 52 has a low vapor pressure and is non-corrosive. In one embodiment, liquid 52
includes a dielectric liquid 53. Dielectric 15 liquid 53 enhances actuation of actuating element 40, as
described below. Preferably, dielectric liquid 53 has a high polarizability in electric fields and moves in

a non-uniform electrig¢ field. In addition, dielectrg lidsi . ielectrl at and a high
dipole moment. In a(inRSﬁ,eéPe@%‘éj%rr‘?? %S%vﬁ%glsﬁ 'é%“,!%?iﬁﬁ@fﬁﬁ%% u%@ E)Ifaeﬁgce:ﬁ}c?r@%vailable.
Examples of ligléoesttalisdrimoptacteitislidisitbb&icMatadspecificalijerppardjessiadieeither alone or in

blends (€., 2,03 Al iPRSMSUBEIS R0 2H8URY BOSE WIS Gl .l giative

embodiment, examples of liquids suitable for use as ectric liqui é)olyphenyl ether

(PPE) such adiagd 38 isrtispipsedipatverst abieasiasturtingLiemap A48 ang Rlate 3&n#actuating

element 4§ is g arESHENEBRRDEHs MeaVRMRRATBENusRItRAIGI AR IBAiEntaass plate.
Other suitable planar trans]ycent or rans_paﬁ/%&mgteriﬁ}ls, hogever E% be used. Examples of such
efBRIE

a material incl{RRUGIFIISHR AMid SR AN g olS URRRSES REMLIVALYANY 44 in one
embodiment, relbentivied6lentbsudstraté@nanbdfetwesfoactuating ielehmnihghacd pateBlk reflectivity to

form reflective f{FRRuId s2 LIMBIES Bf KK G RRAIRS Gl ALl BMRRIIAY LRI Such as

aluminum. In another embodiment, reflective e ent 42 is formed of a base material such as

polysilicon with a 20d76ferably iquide2samansraradt Madwrl). JIGeifR2dRMB8A0RT or titanium nitride
disposechgn the,lmees At IdsiaIérspreatiaclive sudimss fiduiths3ddidaentielRy bisbrigment 42 may be

formed of a non-conductive material or may be formed of or include a
electric fields, thermally stable’with a wide temperature operating range, and

photochemically stable. In addition, liquid 52 has a low vapor pressure and is
non-corrosive.
In one embodiment, liquid 52 includes a dielectric liquid 53. Dielectric
15 liquid 53 enhances actuation of actuating element 40, as described below.
Preferably, dielectric liquid 53 has a high polarizability in electric fields and
moves in a non-uniform electric field. In addition, dielectric liquid 53 has a low
dielectric constant and a high dipole moment. In addition, dielectric liquid 53 is
generally flexible and has pi electrons available. Examples of liquids suitable for
20 use as dielectric liquid 53 include phenyl-ethers, either alone or in blends (i.e., 2,
3, and 5 ring), phenyl-sulphides, and/or phenyl-selenides. In one illustrative
embodiment, examples of liquids suitable for use as dielectric liquid 53 include a
polyphenyl ether (PPE) such as OS138 and olive oil.
Preferably, plate 30 is a transparent plate 32 and actuating element 40 is
25 areflective element 42. In one embodiment, transparent plate 32 is a glass
plate. Other suitable planar translucent or transparent materials, however, may
be used. Examples of such a material include quartz and plastic.
Reflective element 42 includes a reflective surface 44. In one
embodiment, reflective element 42 is formed of a uniform material having a
30 suitable reflectivity to form reflective surface 44. Examples of such a material
include polysilicon or a metal such as aluminum. In another embodiment,

reflective element 42 is formed of a base material such as polysilicon with a



conductive material. 5 As illustrated in the embodiment of Figure 1, micro-mirror device 10 modulates
light generated by a light source (not shown) located on a side of transparent plate 32 opposite of
substrate 20. The light source may include, for example, ambient and/or artificial light. As such, input
light 12, incide?208A7t88nsparent plate 32, passes through transparent plate 321’r}t6&aé/&y550 and is 10
reflected by reflective surface 44 of reflective element 42 as output light 14. Thus, output light 14
passes out of cavity 50 and back through transparegt plate 32. The direction of output light 14 is
determined or controlled by the position of reflective element 42. For example, with reflective element

in first posi it 14 s directed ina first dirsction th reflecti
e il 8 A AT B 1o

micro-mirror devader iabtmtmmaeélgciiveammﬂ@éirdatgﬂdﬁpmmqéleptigﬁteimmér%mmamnpgt light 12.
As such, refleqlya &deins HohcoBubRESRAERSIEE MG b A R orI.§e. an optical imaging

system. 20 In one embodiment, first position 47 is a neutral position of reflective element 42 and
represents an SeNGUEENRBRIENE-mirror device 10 in that light is reflected, for example, to a viewer or
onto a display screerhsitiuitetatieal thembddimens o€ Biglireos)tinicréSnisran @elicidd position of

reflective ele P "QEE" state of micro-mirror device 10 in thatlight is not 25
reflected, for%gg%%%ﬁg@iéﬁig%gg%g '&ﬁ% a%/“i‘é%ré’é%? |8YJVP(QOE)%%§ rgtré% Slr(\}g %&nbodiment of

reflective elemiéansparerdipiats/ 82 ciepesiie D suhstratecbciine ﬁghﬁa@@namrmwimme@a substantially
rectangular-shgpgd g/ e BnkHO: atfigialRHEAS Y ERCIAPAUIHSTRREIIBRIRIHPOrtion 184. In one

embodiment, reflective surface 144 is formed on both 30 outer portion 180 and inneré)ortion 184.

Outer portion 185$RR8L PR fguBaSsesIERYRLRNERErEALRIgte 3 IS MTaY Y B0 ARt dfly

rectangulty-shayfiedtop &yingfl20NRDFIRELE 44 6D eeféilivel 8Rnisht42asvugsRAGAN 484 is positioned
within opening.IJf%ZS., g& SSF?‘.BM 14 passes out of cavity 50 and back through transparent plate
32.

The direction of output light 14 is determined or controlled by the position
of reflective element 42. For example, with reflective element 42 in first position

15 47, output light 14 is directed in a first direction 14a. However, with reflective
element 42 in second position 48, output light 14 is directed in a second
direction 14b. Thus, micro-mirror device 10 modulates or varies the direction of
output light 14 generated by input light 12. As such, reflective element 42 can
be used to steer light into, and/or away from, an optical imaging system.

20 In one embodiment, first position 47 is a neutral position of reflective
element 42 and represents an “ON” state of micro-mirror device 10 in that light
is reflected, for example, to a viewer or onto a display screen, as described
below. Thus, second position 48 is an actuated position of reflective element 42
and represents an “OFF” state of micro-mirror device 10 in that light is not

25 reflected, for example, to a viewer or onto a display screen.

Figure 2 illustrates one embodiment of reflective element 42. Reflective
element 142 has a reflective surface 144 and includes a substantially
rectangular-shaped outer portion 180 and a substantially rectangular-shaped
inner portion 184. In one embodiment, reflective surface 144 is formed on both

30 outer portion 180 and inner portion 184. Outer portion 180 has four contiguous

side portions 181 arranged to form a substantially rectangular-shaped opening



inner portion 184 is positioned symmetrically within opening 182. In one embodiment, a pair of hinges
186 extend between inner portion 184 and outer portion 180. Hinges 186 extend from opposite sides
or edges of 5 inner portion 184 to adjacent opposite sides or edges of outer portion 180. Preferably,
outer portion 18®287d@pported by hinges 186 along an axis of symmetry. More 8'f' , outer
portion 180 is supported about an axis that extends through the middle of opposed edges thereof. As
such, hinges 186 facilitate movement of reflective efement 142 between first position 47 and 10
second position 48, as described above (Figure 1). More specifically, hinges 186 facilitate movement

of outer portioq 480 }pseg\ﬁgﬁql{ﬁ%ﬁ L?(?eﬁ‘%ag gg ﬁr#%Sﬁm%ﬂ%éﬁ]gﬁ%%Y%m%ﬁorti0n 184. In

one embodiment, hlnge_s 1861 _ > 1 embers 188 having tudinal axes 189 oriented
substantially pieepestierid8die positieeedaymmetrinaditvithin eperingd8Ze collinear and coincide

with an axis of symmgeianafdgfigeiive i eneir dAingss S JAERP Batwiaem hisr HeRiBMiSt or turn about

longitudinal axes 189 to accommodate movement o outertE)ortion 180 between first position 47 and
second positiohAgeRd aHErBariaEy HHidHinaes. 1RGN B eeresits sidRRE BARSHOf 42 is
supportedselafive ﬁ@&ﬁmbswmaihbyrﬁ@wm Qﬂaéﬁrfﬁﬁémﬂm@ifr@mi&urm 22 of ?]ubstratze
20. More spegcifi ost 24 rtsgrner portion 184 of 1 ' ement 142. As such, post 24
IS positioned ﬁﬁ%@g@%ﬁgfﬁ% o%# gu' esr%géﬁn%dll%oh%ﬂ%se%yu é?rfj%r?oéx S8 fof reflective

element 142 is¥nppeltedVieie sresifeally aiegeonive. 189 fsqurperiagsakautaimadtethainbodiment of
reflective elemggbfids RRARHINR HTRRNERorhBssPffiRcth@ s acesten, MithBrchites a substantially

H-shaped portion, 280 and a pair of substantially rectar‘i%ular-shape_d portions 284. In one
embodiment, rafUiatRRaYeRES AL fefiertYeLlimsstn feteinesn fisstBrsiid {PR% tangular-shaped
portions 284. Heslomdgsbpiticrong? 38 Hascald piow (Figaed1Rgtoréiepecifidaiy)thimgesinecting portion
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second position 48 relative to inner portion 184.
In one embodiment, hinges 186 include torsional members 188 having
longitudinal axes 189 oriented substantially parallel to reflective surface 144.

15  Longitudinal axes 189 are collinear and coincide with an axis of symmetry of
reflective element 142. As such, torsional members 188 twist or turn about
longitudinal axes 189 to accommodate movement of outer portion 180 between
first position 47 and second position 48 relative to inner portion 184.

In one embodiment, reflective element 142 is supported relative to

20 substrate 20 by a support or post 24 extending from surface 22 of substrate 20.
More specifically, post 24 supports inner portion 184 of reflective element 142.
As such, post 24 is positioned within side portions 181 of outer portion 180.
Thus, outer portion 180 of reflective element 142 is supported from post 24 by
hinges 186.

25 Figure 3 illustrates another embodiment of reflective element 42.
Reflective element 242 has a reflective surface 244 and includes a substantially
H-shaped portion 280 and a pair of substantially rectangular-shaped portions
284. In one embodiment, reflective surface 244 is formed on both H-shaped
portion 280 and rectangular-shaped portions 284. H-shaped portion 280 has a

30 pair of spaced leg portions 281 and a connecting portion 282 extending
between spaced leg portions 281. As such, rectangular-shaped portions 284
are positioned on opposite sides of connection portion 282 between spaced leg



8 17 Oct 2005 portions 281. Preferably, rectangular-shaped portions 284 are positioned symmetrically
to spaced leg portions 281 and connecting portion 282. In one embodiment, hinges 286 extend
between rectangular-shaped portions 284 and H-shaped portion 280. Hinges 286 extend from a side
or edge 5 of rée¥8ddhar-shaped portions 284 to adjacent opposite sides or edgesyf sgpaecting
portion 282 of H-shaped portion 280. Preferably, H-shaped portion 280 is supported qu]nnges 286
along an axis of symmetry. More specifically, H-shaped portion 280 is supported about an axis that
extends through the middle of opposed edges of connecting portion 282. As such, hinges 286 10

facilitate movesaeal R ﬁ%ﬂ?@»@&%%&é@d&%ﬁ%@%m@mnwﬁ%ﬁm position 48, as

described above (Figure 1). More specifically, hinges 286 facilitate movement of H-shaped portion

280 between TRV foRaCced 8a P %EQ%WaﬁRIH‘ﬁWBStBHGR%ZQRaped portions 284. In
one embodiment, hingeshe&mbstimenoringse DB RkesaSSwareclangugiteripRiaxes 289 oriented

substantially parallel to_reflectjve surface 244. itydinal s 289 are collinear and coincide with
an axis of sym?l‘? 8?8@%&%&4;&%@%&&%%’) u%hﬂ%?s%é a?’f?&ﬁlf@@ 3 ?gtecgrgﬁrn about
longitudinal axefsr_éélﬁﬂg%eghapmnﬂatﬂrtimwéﬁﬂem axﬂjbb—ehtaqmbph:etkide%&ﬂ duigesceh ﬁrst position 4_7
and second p%HRQC%ﬁd?BH}%WBWQHEE%W%%%-@'O Tolrws : i & BRent, reflective

element 242 is supported relative to substr y a pair o?posts 24 extending from surface 22 of

substrate 20. RRSv SypepdanLypbinges 280 Aieng i e ofsvarapty. pMarsapesiicaliefiective

element 242. AssHEibdp6iHof 28 LIHBEHIIRA ABARRASERISHAS Hitepad aFdagr thgortion 282

bet d ti 281. Thus, H-shaped portjs flecti I t242 i ted
o poste 24 YATRURCORESPIRHGRE LERIERICH BN A Ao 7 e, B R Rcro-mirror dovice

10. In on&Cemlfaclitate mosactiveot keflextivé 2 (@ncind 24Lreévatier ferkdpesitioh 47 amdl 242) is moved
?Oimvsgggr:a%r%aqga 2%&@%9&%%?%@%88&%% 48R pRgLRY) SRBR-SFSEIRAIF ARG an electrode 60
286 facilitate movement of H-shaped portion 280 between first position 47 and
second position 48 relative to rectangular-shaped portions 284.
In one embodiment, hinges 286 include torsional members 288 having
15  longitudinal axes 289 oriented substantially parallel to reflective surface 244.
Longitudinal axes 289 are collinear and coincide with an axis of symmetry of
reflective element 242. As such, torsional members 288 twist or turn about
longitudinal axes 289 to accommodate movement of H-shaped portion 280
between first position 47 and second position 48 relative to rectangular-shaped
20 portions 284.
In one embodiment, reflective element 242 is supported relative to
substrate 20 by a pair of posts 24 extending from surface 22 of substrate 20.
More specifically, posts 24 support rectangular-shaped portions 284 of reflective
element 242. As such, posts 24 are positioned on opposite sides of connecting
25 portion 282 between spaced leg portions 281. Thus, H-shaped portion 280 of
reflective element 242 is supported from posts 24 by hinges 286.
Figure 4 illustrates one embodiment of actuation of micro-mirror device
10. In one embodiment, reflective element 42 (including reflective elements 142
and 242) is moved between first position 47 and second position 48 by applying
30 an electrical signal to an electrode 60 formed on substrate 20. In one
embodiment, electrode 60 is formed on surface 22 of substrate 20 adjacent an
end or edge of reflective element 42. Application of an electrical signal to



embodiment, electrode 60 is formed on surface 22 of substrate 20 adjacent an end or edge of
reflective element 42. Application of an electrical signal to 200207130 9 17 Oct 2005 electrode 60
generates an electric field between electrode 60 and reflective element 42 which causes movement of
reflective elen99ed2etween first position 47 and second position 48. As sucql,rrggpgggg element 42
is moved in a first direction. 5 Preferably, dielectric liquid 53 is selected so as to respond to the
electric field. More specifically, dielectric liquid 53 ig selected such that the electric field aligns and
moves polar molecules of the liquid. As such, dielectric liquid 53 moves in the electric field and

contributes to. QP&% gejg-gegér?éiranE%vglgéﬁgﬁqgﬁsv%%%?g@éﬁhgﬁt%A}Zf_%@gv%econd position 48

upon application 0 ectrical signa u ctric iquid 53 In cavity 50, dielectric liquid

53 enhances alemenitidwhisksauspryroovamestiotrefiestivereleraerdddbringenfirsiample, in related
U.S. Patent Appligadion Betp N ROAb3fidH 28 2FRANRE I ibRits YRATEPADR RIGREAIANVention.

Preferably, when the electrical signal is removed from electrode 60, 15 reflective element 42 persists
or holds secorfiRsHiEgsi for some length of time. Thereafter, restoring forces of reflective element
42 includiag, for exaprgferdbygarkititigukess iBrdlbiiges286 (bigspoid putheraletiria reflective

element 42 to first ppsition 47.1n ane embodiment, a.conductive via 26 is. formed in a xtends
through 20 palon N8 SRR e IR oS8 St o0 oo g el g T
specifically, conliginstigrdrmores pofacmaiecdeas ahibetligriosAsusuchy slielestricdiawicbhd 42 (including

reflective elemagiad 42tA8&REFCREPARE BRMIRRBS IS HROHBOBHINRBEraREonE RAGHIER 48 by

applying an electrical signal to electrode 60 and reflective element 42. More specifically, electrode 60

is 25 energize@4ddeeenbitsieesitientiaradsecand Resitind furonarnlicatianiobth8ement 42 is
energizedgo agiiitaieatsigeiliCehptafttalicldudticNtar SRaReslagiocadrpiemitiidaielsstrode 60 and a
different enhances an actuation force acting on reflective element 42 as described, for

example, in related U.S. Patent Application Serial No. 10/136,719, assigned to

the assignee of the present invention.

Preferably, when the electrical signal is removed from electrode 60,

15 reflective element 42 persists or holds second position 48 for some length of
time. Thereafter, restoring forces of reflective element 42 including, for
example, hinges 186 (Figure 2) and hinges 286 (Figure 3) pull or return
reflective element 42 to first position 47.

In one embodiment, a conductive via 26 is formed in and extends through

20 post 24. Conductive via 26 is electrically coupled to reflective element 42 and,
more specifically, conductive material of reflective element 42. As such,
reflective element 42 (including reflective elements 142 and 242) is moved
between first position 47 and second position 48 by applying an electrical signal
to electrode 60 and reflective element 42. More specifically, electrode 60 is

25 energized to one electrical potential and the conductive material of reflective
element 42 is energized to a different electrical potential.

Application of one electrical potential to electrode 60 and a different
electrical potential to reflective element 42 generates an electric field between
electrode 60 and reflective element 42 which causes movement of reflective

30 element 42 between first position 47 and second position 48. Dielectric liquid
53 contributes to the movement of reflective element 42, as described above.



electrical potential to reflective element 42 generates an electric field between electrode 60 and
reflective element 42 which causes movement of reflective 30 element 42 between first position 47
and second position 48. Dielectric liquid 53 contributes to the movement of reflective element 42, as
described abo¥e0Z2@007130 10 17 Oct 2005 In another embodiment, reflectlvququ%bg,Z (including
reflective elements 142 and 242) is moved between first position 47 and second position 48 by
applying an electrical signal to reflective element 42yMore specifically, the electrical signal is applied
to conductive material of reflective element 42 by 5 way of conductive via 26 through post 24. As such,

application of an eleq}glg%tﬁ@%{ﬁﬂgﬁg @égmgrgle Secﬁhsp gﬁg& \feld which causes

movement of reflective element etweeh rst posmon osition 48. Dielectric liquid

53 contnbutesetem@ntﬁovémqtZﬁ%ﬁd@my@cbmmmrsa@oaé@@rﬁea%sﬁ@rmma@mnal
embodiments ggag d%wglr@éﬂ'%f ec'fﬁ%%rg'ﬁ\é!% iléhééﬁv@'%%ﬂ@ﬁfjatéorl\%?éw@cuﬂ“céﬁiﬁted U.S. Patent

Application Serial N 136,719, assigned to the assignee of the present invention. In one

embodiment, 88IRIEGHIER] ﬁ'\gﬁﬁjl&?é‘ﬂplﬂéﬂé&ﬁ%‘%‘@w&ﬁ‘ﬁ?@lz%f?ﬂ?&%ﬁ siepest-8APYirection
opposite tle fmtaylmecbﬂauwoéevweelfmiugh posedéecihesaieimapphcaipmefivad dlettviean first position

47 and a thirdogﬁl% é n ﬁe | C& nt%gE%Fe%g e%ﬁ 8 f{(re%t é)r(‘)agg{} 4;993 \%f%llif' an electrical signal to an

electrode 62 f on su ate opposite en oredge o EC?IVG element 42. As
such, reflectivensieemsntad ﬁgﬂﬁ@v&jﬂﬁwt,éamﬂﬁ'@(ﬁr ﬁrpgpﬁﬂéglfg tﬁ@ctﬁsgpgn@mﬁlw application

of an electricalsgomblaciAR ARS8 SArRBLIBIIAR A RIRCHIFahsia R AgTa$2 generates

an electric field between electrode 62 and reflective element 42 which causes movement of reflective
element 42 befFSERPRLEPBYRIon 47 and third position 49 in a manner similar to how reflective

element 49 moves betdditontisrnbsdiceritd ehacaesivito? mppsittinctdascdeahed above. It is also
within the SCOpc?e(s)érEBedD ro?%r;(tample in related U.S. Patent Application Serial No.
10/136,719, assigned to the assignee of the present invention.
In one embodiment, as illustrated in Figure 4, reflective element 42 is
also moved in a second direction opposite the first direction. More specifically,
15 reflective element 42 is moved between first position 47 and a third position 49
oriented at an angle to first position 47 by applying an electrical signal to an
electrode 62 formed on substrate 20 adjacent an opposite end or edge of
reflective element 42. As such, reflective element 42 is moved in the second
direction opposite the first direction by application of an electrical signal to
20 electrode 62.

Application of the electrical signal to electrode 62 generates an electric
field between electrode 62 and reflective element 42 which causes movement of
reflective element 42 between first position 47 and third position 49 in a manner
similar to how reflective element 42 moves between first position 47 and second

25 position 48, as described above. It is also within the scope of the present
invention for reflective element 42 to move directly between second position 48
and third position 49 without stopping or pausing at first position 47.

In one embodiment, liquid 52 (including dielectric liquid 53) contained

within cavity 50 of micro-mirror device 10 has an index of refraction greater than
30 one. In addition, air which surrounds micro-mirror device 10 has an index of
refraction which is substantially one. As such, regions having different indexes



invention for reflective element 42 to move directly between second position 48 and third position 49
without stopping or pausing at first position 47. In one embodiment, liquid 52 (including dielectric liquid
53) contained within cavity 50 of micro-mirror device 10 has an index of refraction greater than 30
one. In additioa0@@Adfich surrounds micro-mirror device 10 has an index of refg;}cg%ggg%ch is
substantially one. As such, regions having different indexes 200207130 11 17 Oct 2 of refraction
are formed within cavity 50 of micro-mirror device 19,and outside of cavity 50 of micro-mirror device
10. Because of the different indexes of refraction, a light ray modulated by micro-mirror device 10

undergoes refract] t the interf between the regior ifically..ir ight which
passes througﬁ%&g%%ﬁgﬁéﬁ fﬁf(r)'%(ga%v?’tv)‘fﬂga §%V g’rg%%é;f F%e'ﬁ?a% |crﬁoat Rﬁ%‘[jﬁr%cﬁg wi #?é)éj\hty 50. In
addition, outpugavVighbWhiomitreafiEmedawceeflBctive element 42 and from cavity 50 through plate 30

undergoes refraction@éé@&s@@r{ﬁgﬁéiﬁg}éﬁﬁﬁm% I %ﬁﬁ%%ofiﬁﬁkgg@m@h%plate 30is

selected so as to have an index o action substantia a liquid 52."In addition, a

thickness of plBtSregmyranisisdaelf Underaoes refsaction atidhie dnisriassbetvesslili®™an one

exemplansempgglsnsenivbie shé AhPlRIRROWRiBR PERYEIRYUIRSD BIEINE I itene illustrative
embodiment, the | d§§<0f refraction i
%%

liquid ontajined withi ity 50 of micro-mirror device 10 i
in a range of 188Y Hﬂg?gg?i%r?{? 3‘3 UI 2 ?ﬁ?ﬁ]eﬁgg%%‘haérﬁé’i@%qJm%%%f%('&@ r?lgsee\;feliquicljs

52 include diplight/vbinkiis dgftestsd bthréfeetiveobjeineatd2 sitobdaom, cavity 50 through plate

tetrapheny' tetsyTRHM LI IR ORI SRR A IRICARY D15 {Bnu e g 32 are described

for example, in U.S. Patent Aplglication Serial No. , having attorney docket number 200209446, and

U.S. Patent 207liekelplate 391 inseleptad s agdaave diindeyabefrastisnsobstamisiiyfiled on even
date herengith, 0L ShRARS SIeh AIdNd oS BNIEKIHREY GORatd0 s SURRtaHRAINEKRI by

reference. RelgINGhg: Fafiaction S piate 30 R noaionbie. 11 2 axemplasy embodisat, the
thickness of plate 30 is approximately one millimeter.
In one illustrative embodiment, the index of refraction of liquid 52
contained within cavity 50 of micro-mirror device 10 is in a range of
15 approximately 1.3 to approximately 1.7. Examples of liquids suitable for use as
liquid 52 include diphenyl ether, diphenyl ethylene, polydimethyl siloxane, or
tetraphenyl-tetramethyl-trisiloxane. These and other liquids suitable for use as
liquid 52 are described, for example, in U.S. Patent Application Serial No.
, having attorney docket number 200209446, and U.S. Patent
20  Application Serial No. , having attorney docket number 200308966,
both filed on even date herewith, assigned to the assignee of the present
invention, and incorporated herein by reference.
Referring to Figure 5, for a light ray intersecting a plane surface interface,
Snell's Law holds that:
25
n1 sin(A1) = n2 sin(A2)

where n1 represents the index of refraction on a first side of the plane
surface interface, A1 represents the included angle formed on the first side of
30 the plane surface interface between the light ray and a line perpendicular to the
plane surface interface through a point where the light ray intersects the plane
surface interface, n2 represents the index of refraction on a second side of the



Snell's Law holds that: 25 nl sin(Al) = n2 sin(A2) where nl represents the index of refraction on a first
side of the plane surface interface, Al represents the included angle formed on the first side of 30 the
plane surface interface between the light ray and a line perpendicular to the plane surface interface
through a poink@PESehe light ray intersects the plane surface interface, n2 reﬁ%&”}ﬁd{%e index of
refraction on a second side of the 200207130 12 17 Oct 2005 plane surface interface, and A2
represents the included angle formed on the secongd side of the plane surface interface between the
light ray and the line perpendicular to the plane surface interface through the point where the light ray

int ts th N ' ill ' [ jght 12 [
irough plate 0 oL B e e A e LR 4 Her ARGt Lo Btk trbagh

plate 30. In oneesatisbeiiaaftthespirng suBaceotesfarauRemeantiie lightitgsangdseii®dex of refraction
greater than ope 3aA4ALF RPHE HaTY s HERLEHBARE thAdUgH HE D AheRHbrethe Ry Rt Y NPt light

12 undergoes 10 refraction at the interface with cavity 50 as input light 12 enters cavity 50 and output
light 14 underdEsRat R RlaRe-RUFAGEr MENA®8 cavity 50 as output light 14 leaves cavity 50. In one

embodi(;nfmlt, an angHg‘tir@é%ﬂﬁ@t@dtéﬁ&é?ﬁ@@Mﬁyeﬁgdiﬁhﬁﬂ@ﬂigﬁﬂmfdlﬁbtﬁm@d@n|ine extenhded
perpendicular to an jnterface with cavity 50 15 thrqugh a pint re input light 12 intersects the
ertace. AngBARP HOUTLR 18V 3 AR LR AR S T 201 20K, an ancle
A2 is formed wiitroughaplates8h enverns emhadigient, 2aa e shebiataboie diguicdhg2pwithiicular to the

interface with Al 59 HOHAhHIS P F4ERSH (PeMiddhanicnb siasisr EBtaidans. Andle A2,

therefore, represents an illumination 20 refraction an%e of input light 12. As described above, input
light 12 is reflc@ieateisthapdherineylside of cavity 50. As such, input light 12 undergoes

10 refraction at the interface with cavity 50 as input light 12 enters cavity 50 and
output light 14 undergoes refraction at the interface with cavity 50 as output light
14 leaves cavity 50.
In one embodiment, an angle A1 is formed outside of cavity 50 between
input light 12 and a line extended perpendicular to an interface with cavity 50
15  through a point where input light 12 intersects the interface. Angle A1,
therefore, represents an illumination angle of input light 12. In addition, an
angle A2 is formed within cavity 50 between input light 12 and the line extended
perpendicular to the interface with cavity 50 through the point where input light
12 intersects the interface. Angle A2, therefore, represents an illumination
20 refraction angle of input light 12.

As described above, input light 12 is reflected as output light 14 by
reflective element 42. As such, an angle A3 is formed within cavity 50 between
output light 14 and a line extended parallel to the line extended perpendicular to
the interface with cavity 50 through the point where input light 12 intersects the

25 interface through a point where input light 12 is reflected by reflective element
42. Angle A3, therefore, represents a reflection angle of output light 14. In
addition, an angle A4 is formed outside of cavity 50 between output light 14 and
a line extended perpendicular to an interface with cavity 50 through a point
where output light 14 intersects the interface. Angle A4, therefore, represents

30 an exit angle of output light 14.

By applying optics fundamentals, including refraction at the interface with
cavity 50 and reflection at reflective element 42, exit angle A4 can be derived for



reflective element 42. As such, an angle A3 is formed within cavity 50 between output light 14 and a
line extended parallel to the line extended perpendicular to the interface with cavity 50 through the
point where input light 12 intersects the 25 interface through a point where input Iight 12 is reflected by
reflective elen®R04P30Angle A3, therefore, represents a reflection angle of outpy %‘5 In addition,
an angle A4 is formed outside of cavity 50 between output light 14 and a line exten perpendicular
to an interface with cavity 50 through a point whergputput light 14 intersects the interface. Angle A4,
therefore, represents 30 an exit angle of output light 14. By applying optics fundamentals, including

refraction at the interface W ith c nd reflect i t it angle A4 can be
derived for 205389'1%3@ %%%r)%r%@ % ?;'r%lei) st fggﬁgﬁgr%éﬁ 295?8 represented by
angle A5, and ddfﬁanggwﬁ@aseefoeﬂranmmlmuid;@a wmumwtyaﬁ%yrwerw@gemm@} index of

refraction n2. 6P BRSEHIBRDEALLSEREIFXIRIVETRE AR GTTAERUR Idir QUIRuAdiTGT device 10

represented by index of refraction ni, is substantially 5 one. Figures 6 and 7 illustrate one exemplary
embodiment oﬂ'ﬁﬁhmﬁfﬁfrpsy'%Hpbiﬁﬁrﬁﬁem%PVO'PH%K‘/@E‘WT%W&'P\H {Rigvbstaptieiely, a liquid

having ansindexef refraction greater than one disposed within cavity 50. Figure 6 illustrates

modulation of light b)(:a mlcr% qé{)gr \{}C?evglll]l’elOL)l(te?n li 'éi %{n?%]?g]oq mggﬁflﬁcfﬁf ction greater

than one disposed within &3 cavity he exemp ary igure 6, cavity 50 does not
include liquid Sighsuy @mmrommqreéempewt@m mmew@pe@fm@ma Uﬂwﬁ#f@atng/am is

substantially ‘?H@e)ﬁd'ﬂ‘?@fﬁg&mg?égfé’ﬁfﬁ@ﬁttﬂ{b%é@é%thﬁ“WSWWBUOF%QNES is also substantially

one, refraction does not occur at the interface with cavity 50 15 assuming that a thickness of plate 30

is substantially!lstraiesqeduistiamptight Wﬁ@@k@rﬂ]@ﬂ@rﬂéﬂiﬁ%mﬁm grliatyd RN ARination angle
Al of inpufgdightntiéxisfliefiediaegraatHihandre dispositpaitith davitg 504 Anitieda@iapranis such, exit

angle A4 of Omp%&'{%meln% o? %l?r% cas\'/ity 50 does not include liquid 52 but, rather,

includes air. As such, the index of refraction within cavity 50 is substantially
one. Since the index of refraction outside of the micro-mirror device is also
substantially one, refraction does not occur at the interface with cavity 50

15  assuming that a thickness of plate 30 is substantially thin, as described above.
In the exemplary embodiment of Figure 6, illumination angle A1 of input light 12
is 15 degrees and tilt angle A5 of reflective element 42 is 5 degrees. As such,
exit angle A4 of output light 14 is 25 degrees.

Figure 7 illustrates modulation of light by a micro-mirror device with a

20 liquid having an index of refraction greater than one disposed within cavity 50.
In the exemplary embodiment of Figure 7, cavity 50 includes liquid 52 (including
dielectric liquid 53) having an index of refraction of 1.65. In addition, for
comparison with Figure 6, illumination angle A1 of input light 12 is 15 degrees
and tilt angle A5 of reflective element 42 is 5 degrees. Exit angle A4 of output

25 light 14, however, is 32.5 degrees. As such, with the same illumination angle
(15 degrees) of input light 12 and the same tilt angle (5 degrees) of reflective
element 42, a larger exit angle for output light 14 can be achieved with liquid 52
disposed within cavity 50. Thus, for example, a 30 percent increase (7.5
degrees) in the exit angle of output light 14 from cavity 50 can be achieved

30 without an increase in the tilt angle of reflective element 42 when cavity 50
includes liquid 52. This increase in exit angle is referred to herein as angle

magnification.



Figure 7 illustrates modulation of light by a micro-mirror device with a 20 liquid having an index of
refraction greater than one disposed within cavity 50. In the exemplary embodiment of Figure 7, cavity
50 includes liquid 52 (including dielectric liquid 53) having an index of refraction of 1.65. In addition,
for comparisoz02@i1Bdgure 6, illumination angle Al of input light 12 is 15 degre% 6’-%‘%8([??”9@ AS of
reflective element 42 is 5 degrees. Exit angle A4 of output 25 light 14, however, Is 32.5 degrees. As
such, with the same illumination angle (15 degrees)uof input light 12 and the same tilt angle (5
degrees) of reflective element 42, a larger exit angle for output light 14 can be achieved with liquid 52
disposed within cavity. 'é’% ner i Wexit angle of
output light 14 from g{éﬁg/e }%%%Pég&ﬁ%hﬁibg\%&a%%@%ﬁ%g? %B%}oﬁ%%ﬁt(egﬁq g‘%%tqgﬁgﬁl reflective
element 42 wHahaoaierp HuirieicHeyice withewa iquidinavinganrinshax ghaeérastiercareatas herein as angle
magnification. 8R2REAGLHAST AP AT K b ek itgoaisaRe B igEREeiment of

modulation of light %a micro-mirror device without a liquid having an index of refraction greater than

one disposed Gy 22 depsAotinsludsdignid 2% Rithyatrieinchides ale dheRAS*H does not include
liquid 52 tBit, reshactisiclvitiein akvifysointerefsre, efsatistantially onavigirse, tienedeseofs substantially
one. Since the index of refraction outside of the micro-mirror device is.also sub jally one, angle
magnification H%iragc!tn'g Sg(t:ﬂg‘%toﬂg?n é?fgcrg'\';\';%dcea\{\'/?ﬁl 'g(_??ﬂ %gtf?(@r@ﬁa?&%’r%@%ment of Figure 8,
illumination angRgnifisatigneoasmatoesunsalhs daterfare imthrefdth S&f reflective element 42 is 5

degrees. As 10 suchywitheys i, Siisansest BibELFRE I BRRELON EhEle AtBEApamination angle
(15 degrees) of input light 12, to produce exit ar:égle A4 of outé)ut Ii%ht 14 with the same exit angle

(32.5 degrees)'difddf-drearers AR tIiRNGIG ARG mfipstye RIeRetthiss 9REES5 MRreased to
8.75 degt@es. duuhs withextarjpie 52 disppseconitiinteadty 68. abdiadtette) sartilllidinglienf reflective

element 42 s 12 neefied dg RIRTUF IR RHTEHE 058 S BHLISRI bt SRBLERY R0 vhen

with the same exit angle (32.5 degrees) as illustrated in Figure 7, tilt angle A5 of

reflective element 42 must be increased to 8.75 degrees. Thus, for example, a
75 percent increase (3.75 degrees) in the tilt angle of reflective element 42 is

15 needed to produce the same exit angle of output light 14 from cavity 50 when
cavity 50 does not include liquid 52.

Figure 9 illustrates another exemplary embodiment of modulation of light
by a micro-mirror device with a liquid having an index of refraction greater than
one disposed within cavity 50. In the exemplary embodiment of Figure 9, cavity

20 50 includes liquid 52 (including dielectric liquid 53) having an index of refraction
of 1.65. In addition, illumination angle A1 of input light 12 is 15 degrees. As
such, with liquid 52 disposed in cavity 50 and with the same illumination angle
(15 degrees) of input light 12, to produce exit angle A4 of output light 14 with the
same exit angle (25 degrees) as illustrated in Figure 6, tilt angle A5 of reflective

25 element 42 need only be 2.9 degrees. Thus, for example, a 42 percent
decrease (2.1 degrees) in the tilt angle of reflective element 42 can produce the
same exit angle of output light 14 from cavity 50 when cavity 50 includes liquid
52.

In one embodiment, as illustrated in Figure 10, micro-mirror device 10 is

30 incorporated in a display system 500. Display system 500 includes a light
source 510, source optics 512, a light processor or controller 514, and

projection optics 516. Light processor 514 includes multiple micro-mirror



cavity 50 does not include liquid 52. Figure 9 illustrates another exemplary embodiment of modulation
of light by a micro-mirror device with a liquid having an index of refraction greater than one disposed
within cavity 50. In the exemplary embodiment of Figure 9, cavity 20 50 includes liquid 52 (including
dielectric liqui@®3PHa0ing an index of refraction of 1.65. In addition, illuminatio I%%I,sof input light
12 is 15 degrees. As such, with liquid 52 disposed in cavity 50 and with the same illumination angle
(15 degrees) of input light 12, to produce exit anglei44 of output light 14 with the same exit angle (25
degrees) as illustrated in Figure 6, tilt angle A5 of reflective 25 element 42 need only be 2.9 degrees.

Thus, for exanag(ﬁcgséitﬁ% %%;éﬁé]édqﬁqﬁ%% ; Lg,?ﬂqggq%%}ql,{ﬁ@raum%g@i@ﬂp@tive element 42 can

produce the same ex output ligh 'rom cavity 50 when cavity 50 includes liquid 52. In one
embodiment, sonstitstasens wloree! afithe display ddiearayof SuGR-BSLEsYes tsplay system

500. Display sypigBediaal dres oHihba QEsstrallyitn WimrRE Gavilids analor Bresamfen or controller
514, and projection optics 516. Light processor 514 includes multiple micro-miryor 200207130 15 17

Oct 2005 devica¥itydalrtasfellertive elamprsaf W%MWW%WF@rW@gié constitutes one cell
or pixel ofghe displaynbhe amdpdifrdit]lighifpescdesnes1 10ebtmyesdnfageeathtansd&ommon substrate

with separate cavities and/or a common_cavity for the reflective elemen e l[ple micro-mirror
devices 10. 5 [fRREE rﬂ%af‘n@ﬁ%g%tb Sro'cS Lgsyc?rdSl sr%%é?ﬁcla' ‘?ll{e 288% é{f i% Crgégt%%enting an image
to be displayetheractuatinnighmicoeisor sexicemtd@neHbenodulaion afitebtraaeiVeRvices 10 and the

modulation of jglyf ereNGHE BTk PLRRagE faseshen FhagRddmiated Aghtie terulated light is

then projected to a viewer or onto a display screen 520. 10 In one embodiment, as illustrated in Figure
11, micro-mirr@fgcied A Yiewss orate fifispiaymarimthing system 600. Optical switching
system 649 includegmdighbabiodienent) a8 ligistratedas siguecohtnibes-Giitoaddviddetisisone

incorporated in an optical switching system 600. Optical switching system 600
includes a light source 610, a light processor or controller 612, and at least one
receiver 614. Light processor 612 includes one or more micro-mirror devices 10
configured to selectively direct light to receiver 614. Light source 610 may

15 include, for example, an optical fiber, laser, light emitting diode (LED), or other
light emitting device for producing input light 12. Receiver 614 may include, for
example, an optical fiber, light pipe/channel, or other optical receiving or
detecting device.

In one embodiment, receiver 614 includes a first receiver 614a and a

20 second receiver 614b. As such, light processor 612 controls actuation of micro-
mirror device 10 and the modulation of light received from light source 610 to
direct light to first receiver 614a or second receiver 614b. For example, when
micro-mirror device 10 is in a first position, output light 14a is directed to first
receiver 614a and, when micro-mirror device 10 is in a second position, output

25 light 14b is directed to second receiver 614b. As such, optical switching system
600 controls or directs light with micro-mirror device 10 for use, for example, in
optical addressing or switching.

By disposing liquid 52 (including dielectric liquid 53) having an index of

refraction greater than one within cavity 50, an exit angle of output light 14 from

30 micro-mirror device 10 can be increased or amplified without having to increase
the tilt angle of reflective element 42. By increasing the exit angle of output light
14 from micro-mirror device 10, incident light can be more effectively modulated



receiver 614. Light processor 612 includes one or more micro-mirror devices 10 configured to
selectively direct light to receiver 614. Light source 610 may 15 include, for example, an optical fiber,
laser, light emitting diode (LED), or other light emitting device for producing input light 12. Receiver
614 may includeg2@r ad®xample, an optical fiber, light pipe/channel, or other optiqa}l &c?%ty g or
detecting device. In one embodiment, receiver 614 includes a first receiver 614a and a 20 second
receiver 614b. As such, light processor 612 controlggactuation of micro- mirror device 10 and the
modulation of light received from light source 610 to direct light to first receiver 614a or second

receiver 614b. For e ICLO-mirror devi IS | ' iti tput light 14a is
directed to firs eﬁé@éﬁe%eqlg%%% %%ﬁp%@%_cﬁﬁé%%é&?é %(? igﬁﬂ%ogg%%%gﬁiﬁo%%utput 25 light
14b is directedhe dispiayideriesyehs suph Ascantias faliapEiecdisrjaydexine 680 Béntrols or directs light
with micro-mirjoc device 10 for use, for example, in optical addressing or switching. By disposing

liquid 52 (including dielectric liquid 53) having an index of refraction greater than one within cavity 50,

an exit angle of outpllt AgHitien.(Ry-Rradring 8-AsimdRiangls o Qwewhiaht J4f8Mmplified without

having to mcrearedieikibrargies i oallretivencinaraitt by Byfirsteanieelibmentuantie of output light 14
from micro-mirror device 10, incident light can be e effectively. mqdulated 200207130 16 17 Oct
2005 betweena@é)lﬂ'&?ﬁ E@@Po?%fﬁﬁ% 3'/V8ng]:fr%e£?%£pféa[ré%/eo%rﬁ%éeﬁcigjaenc |oenac?plt'|%|gt'g# the display
device. As suanglecoinefettiztelehestdidplapuie fasteraaspense s asidatianatiime®af by producing a

desired exit angleof RHBIGRS 4h EaHyS ABIEVTISRERMAERHE Wilharimgllaileangle of reflective

element 42, the apparent tilt angle of reflective element 42 can be %reater than the actyal tilt angle of

reflective elenf@At@9 of Hiteddlupuah g sinalen fistansadrhiipsil ArodiaiBa e S1eFE6R MY can be
achievediginceysgftestivatplamehit #LfesRn RRcretkaiest detltetiircugthersiorlenidistanieemhile stil

producing the gg\%gg q 8 )r(riltay be subjected to less fatigue since reflective element 42 can be
rotated or tilted through the smaller distance while still producing the desired exit
angle of output light 14 from micro-mirror device 10.
Although specific embodiments have been illustrated and described

15  herein for purposes of description of the preferred embodiment, it will be
appreciated by those of ordinary skill in the art that a wide variety of alternate
and/or equivalent implementations calculated to achieve the same purposes
may be substituted for the specific embodiments shown and described without
departing from the scope of the present invention. Those with skill in the

20 chemical, mechanical, electro-mechanical, electrical, and computer arts will
readily appreciate that the present invention may be implemented in a very wide
variety of embodiments. This application is intended to cover any adaptations
or variations of the preferred embodiments discussed herein. Therefore, it is
manifestly intended that this invention be limited only by the claims and the

25 equivalents thereof.

What is Claimed is:



10 angle of output light 14 from micro-mirror device 10. Furthermore, micro-mirror device 10 may be
subjected to lesg fatigiie since reflective element 42 can be rotated or tilted through the smaller
distance while still producing the desired exit angle of output light 14 from micro-mirror device 10.
Although specific embodiments have been illustrated and described 15 herein ot pogmoses of
description of the preferred embodiment, it will be Eppreciated by those of ordinary skill in the art that
a wide variety of alternate and/or equivalent |mEJb R(]F]&tatlons calculated to achieve the same
purposes may be substituted for the specific embodiments shown and described without departing
from the scope of the present invention. Those with skill in the 20 chemical, mechanical,

electro-mechanigal, elwm%,@nebgammgeécﬁﬁ@wﬂb readily appreciate that the present invention may
be implemented in a verg \é\}/i@d of embod ents. This application is intended to cover any
RN

adaptations or variatichg" rr%dngrﬁbsutﬁlﬁ%nts discussed herein. Therefore, it is manifestly
intended that this invertioatbé3Ithieacedlfydny the stiapvistanddsioBeshsivalentiiiereof. What is

Claimed is: 200897611@9&%&%&Métﬁt%l%@ﬁa%@ iEHPaPaIsAEARMISELSRMIIIFING: a substrate

(20) having a surface; a plate (30) spaced from the substrate and oriented substantially parallel to the
substrate, the p%ﬁ@ﬂ%{\;ﬁwﬁ‘%%ﬁ?i’é@e‘){)m@rﬁﬂasérl%%téﬁﬂéhﬁ AR ey e8I BIEe of the substrate, and
the plate and theetmm;ratm\d@f(ﬁmgr&mtwe{é@) therebetween a reflective element (42) interposed

between the substrate QFQI%QQV@@E%&Q & é'HQhaensh éf&f éﬁgﬂg@on greater than

one disposed in the cavity between at le stt fectlve ele ment and the plate, wherein the
reflective elemeP@is: éli@bted to move between a flrst

a liquid (52/53) having an index of refraction greater than one
disposed in the cavity between at least the reflective element and the plate,

wherein the reflective element is adapted to move between a first
position and at least one second position, and reflect light through the surface

of the plate.

2. The device of claim 1, wherein the at least one second position is

oriented at an angle to the first position.

3. The device of claim 1, wherein the reflective element is adapted to
reflect light through the liquid, and the liquid is adapted to increase an exit
angle (A4) of the light from the cavity for a given tilt angle (A5) of the reflective

element.

4, The device of claim 1, wherein the reflective element is adapted to
reflect light through the liquid, and the liquid is adapted to produce an exit
angle (A4) of the light from the cavity corresponding to a tilt angle of the
reflective element greater than an actual tilt angle (A5) of the reflective

element.

5. The device of claim 1, wherein the index of refraction of the liquid is in

a range of approximately 1.3 to approximately 1.7.

6. The device of claim 1, wherein the reflective element is submerged in

the liquid.



position and at least one second position, and reflect light through the surface of the plate. 2. The
device of claim ], wherein the at least one second position is oriented at an angle to the first position.
3. The device of claim 1, wherein the reflective element is adapted to reflect light through the liquid,
and the liquid is adapted to increase an exit angle (A4) of the light from the ¢a\ityt fRo® given tilt angle
(A5) of the reflective element. 4. The device of clair® 1, wherein the reflective element is adapted to

reflect light throggh thel.w%tggvl Q%ttlalﬁulrl&li;ﬁ%ﬁﬁ#ra(%tr%g r‘%’i rproduce an exit angle (A4) of the light from
: [ e of the reflective e

the cavity corresponding to a tilt ang el%:ent greater than an actual tilt angle (A5) of
the reflective elementab|epaEAIE\AERCHPERANAP 1620 MHeBRl thie frRIBXSH Ritraction of the liquid is in a

range of approximatelyhetdm apprendnae¥dmberl isTagprdes eboinrdsywhesain the reflective
element is submerged.in the Iicg.fid. 20 2.071?0 7 Oct 2005 18 7. The device of claim 1, further

comprising: at IEREIAL R R 5((%6,"" %9?8 DR gssttﬂggtr%lt?g,tr Grein the reflective element is

adapted to move in response to application of an electrical signal to the at least one electrode. 8. A

method of formigg a MicrRaMBEREdEMGRy MeMBIRAH SUBRESINGe REANINGASIRAR]rate (20) having a
surface; orienting a surface of a plate (38) substantially parallel to the surface of the substrate and

spacing the plate from RFY Qi SHPSHRIE &A% RN ST 8%Gty (50) between the plate and the
substrate; interposing ariefigaiivesetent &axleq®0@sntstartistigtpatalEhbttne qlatecand disposing a

liquid (52/53) haafiﬂ%éﬂﬂgﬁgfé%%%@ﬂ%‘tﬂlée&%W@rﬂ the substrate, including defining a

cavity (50) between the plate and the substrate;

interposing a reflective element (42) between the substrate and the
plate; and

disposing a liquid (52/53) having an index of refraction greater than
one in the cavity between at least the reflective element and the plate,

wherein the reflective element is adapted to move between a first
position and at least one second position, and reflect light through the surface

of the plate.

9. The method of claim 8, wherein the at least one second position is

oriented at an angle to the first position.

10. The method of claim 8, wherein the reflective element is adapted to
reflect light through the liquid and the liquid is adapted to increase an exit
angle (A4) of the light from the cavity for a given tilt angle (A5) of the reflective

element.

11. The method of claim 8, wherein the reflective element is adapted to
reflect light through the liquid and the liquid is adapted to produce an exit
angle (A4) of the light from the cavity corresponding to a tilt angle of the
reflective element greater than an actual tilt angle (A5) of the reflective

element.



one in the cavity between at least the reflective element and the plate, wherein the reflective element
is adapted to mgye between a first position and at least one second position, and reflect light through
the surface of the plate. 9. The method of claim 8, wherein the at least one second position is
oriented at an angle to the first position. 10. The method of claim 8, wherein thexgflegs/e element is
adapted to reflect light through the liquid and the lirpuid is adapted to increase an exit angle (A4) of

the iht from the cavityfor VST AN0le (RN G IRAELYFoplement b gy method of claim 8

wherein the reflective element is adapted to reflect lig rough the liquid and the liquid is adapted to
produce an exitihAGREYAL) aprrexitgatehohsteapRIRy Baiedspdnding to a tilt angle of the reflective
element greater than an actual tilt angle (A5) of the reflective element. 200207130 17 Oct 2005 19

12. The method, qf claim 8, wherein the.index of refraction of the liqujd is in a range of approximately
173 0 approximitely 1SS RS0 B LTS, UHERSIH % CHLTAa i Eiave lement
between the sulbstrageratig ibgiiate arclutie plstbindrgies) shienreiipotivee eddantiMein the liquid. 14. The
method of claime®, fldither dempiiging: forming at least one electrode (60, 62) on the substrate, wherein
the reflective element is adapted to move in response to application of an electrical signal to the at

least one electrode. 15. A method of controlling light with a micro-mirror device (10) including a
reflective elemem.(42) Theenpethed bietiaae B dstisteate@isthg: transparent plate, the method

comprising: receiving I%gm,]%t?tggléggggng%@@magt(élar%%r@tﬁgrg%gncgtéhe transparent plate oriented
substantially parallel to a surface of the substrate; = '
wherein the reflective element is adapted to move in response to

application of an electrical signal to the at least one electrode.

15. A method of controlling light with a micro-mirror device (10) including a
reflective element (42) interposed between a substrate and a transparent
plate, the method comprising:

receiving light at the reflective element through a surface of the
transparent plate oriented substantially parallel to a surface of the substrate;
and

reflecting the light with the reflective element, including directing the
light through a liquid (52,53) having an index of refraction greater than one,
through an interface with the liquid, and back through the transparent plate,

wherein directing the light through the interface with the liquid includes

refracting the light at the interface with the liquid.

16. The method of claim 15, wherein refracting the light at the interface
with the liquid includes amplifying an exit angle of the light from the liquid for a

given tilt angle of the reflective element.

17. The method of claim 15, wherein refracting the light at the interface
with the liquid includes exiting the light from the liquid with an exit angle (A4)
corresponding to an apparent tilt angle of the reflective element greater than

an actual tilt angle (A5) of the reflective element.



and reflecting the light with the reflective element, including directing the light through a liquid (52,53)
having an index,gf.sefraction greater than one, through an interface with the liquid, and back through
the transparent plate, wherein directing the light through the interface with the liquid includes
refracting the light at the interface with the liquid. 16. The method of claim 15,md@rgoosefracting the
light at the interface with the liquid includes amplifging an exit angle of the light from the liquid for a
given tilt angle ofthe reflect I t. Th éi f.clai herein refracting the light at the
interface with t?]igt. quui?ﬁ%c%&&%iﬁﬁnﬁén&h%liévtﬁe?%gﬁﬁ éﬂ(ljc%lf mv@‘%tfﬁaﬁogxﬁ#g]neg I((ﬁ:réj%g corresponding
to an apparent tit amjlePtRERENEEMRelehiemnprextaatelil 4n actual tilt angle (A5) of the reflective
element. 200207130 17 Oct 2005 20 18. The method of claim 15, wherein the index of refraction of
the liquid is in g range_of approximately 1.3 t roximately 1.7. 19. The method of claim 15, further
comprising: moili g thﬁgffgg{ﬂloe &iﬁ%’ﬂ@enﬂ%ﬁ%&?ﬁ‘&fﬁb tion and at least one second position
oriented at an angle tortegifigstheasilizativineladient ditetieny atirst ighiioadid rdirsstionavhen the
reflective elemegtds,ig Harifisst ARt HRCHNh G dighidich seefrehgireiangvhen the reflective

element is in the at least one second position. _ o i N
the light in a first direction when the reflective element is in the first position
and directing the light in a second direction when the reflective element is in

the at least one second position.





