PHOTONI C MEMS AND STRUCTURES Background This invention relates to

m cr oel ect ronechani cal systens (MEMS). 5 M croel ectronmechani cal systens
(MEMS) include mcronechani cal elenents, actuators, and electronics.

M cronmechani cal el ements may be created using deposition, etching, and or
ot her m cromachi ning processes that etch away parts of substrates and/or
deposited material |ayers or that add layers to formelectrical and

el ectronmechani cal devices. One type of MEMS device is called an
interferonetric nodul at or rein jnterferonetric 10
nodul ator or interfer omtrlﬁ?yéﬁcﬁ@%mgf@w a device that .
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In certain embodiments, an optical device comprises a non-transparent substrate. The

optical device further comprises a first optical layer which is at least partially transmissive and at

25  least partially reflective to incident light. The optical device further comprises a second optical

layer which is at least partially reflective to incident light. The second optical layer is spaced

from the first optical layer. At least one of the first optical layer and the second optical layer is

movable between a first position with a first distance between the first and second optical layers

and a second position with a second distance between the first and second optical layers.

30 Movement of the at least one of the first optical layer and the second optical layer between the
first and second positions modulates the reflectivity of the device.

In certain embodiments, an optical device comprises first means for reflecting light. The

first reflecting means is at least partially transmissive and at least partially reflective to incident

light. The optical device further comprises second means for reflecting light. The second



spaced fromthe first reflecting means. At |east one of the first reflecting
nmeans and the second reflecting neans is novable between a first position
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Description FIG 1A is a schematic cross-section of an exenplary display
substrate i ncor docertaimembodinzantsi a mfhbémomintesbglm e madiod pinggisest prdviding an
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reflective ':0 incident light. The optical device further comprises a second optical layer which is
25  at least partially reflective to incident light. The second optical layer is spaced from the first
optical layer. At least one ‘of the first optical layer and the second optical layer is movable
between a first position with a first distance between the first and second optical layers and a
second position with a second distance between the first and second optical layers. The method
further comprises moving the at least one of the first optical layer and the second optical layer
30  while irradiating the device with light.
Description
FIG. 1A is a schematic cross-section of an exemplary display substrate incorporating an

anti-reflection coating and integrated supplemental lighting.

FIG. 1B schematically illustrates another scheme for supplemental lighting.



FIG 3 illustrates an exenplary bias centered driving schene for arrays of
interferonmetric nodulators in a display. 5 FIG 4A is a diagram whi ch
illustrates an exenplary col or display schenme based on the concept of
"basetpignment."” FIG 4B is a block diagram of an exenplary systemthat
provides for fi efiG. reecinkguanahilléstrats sqataily -of et exeenpare ddbrictior Ipfacesd Gof a
schematically illustrates an exenplary general-purpose display-centric
product.  1@icrmrachised ZEAMRSPYTES) |y | ustrates an exenplary interferonetric

modul at or geonetypy § HRkiratdan Quihisy bRE cORld CRlving@NRYeQb: Jrfa?%ftlht@rferometnc
el ectronechani cal behavior, shown in the un-actuated state.
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actuated state. owi ng the
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20 decoupl qﬁtpi@eceﬁmg oahctehavi or fromthe el ectronechani cal behavior and
whi ch hi des theée supp structure, the interferonetric nodul ator shown in
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illustrates the interferonetric nodulator of FIG 7A in another state. FIG
8A schenat i1y illustrates an exenplary interferonmetric nodul ator that

utilizes rotatimggakpaghiBRdticary llmrﬁésqhe&%e&&laﬁl@ﬁtcl @ahliMod bf B5G.r 84 67 HO

exenpl ary fabrication sequence of the interferometric nodulator of FIG B8A.
FI G 9A i s agtupledstrtedi agram of an exenplary MEMS switch. FIG 9B is a block
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FIGS. 5A and 5B in several color states.
FIG. 6A schematically illustrates another exemplary interferometric modulator that
20  decouples the optical behavior from the electromechanical behavior and which hides the support
structure, the interferometric modulator shown in the un-actuated state.
FIG. 6B schematically illustrates the interferometric modulator of FIG. 6A in the
actuated state.
FIE; 7A schematically illustrates an exemplary interferometric modulator design that
25  utilizes anisotropically stressed membranes, in one state.
FIG. 7B schematicalty illustrates the interferometric modulator of FIG. 7A in another
state.
FIG. 8A schematically illustrates an exemplary interferometric modulator that utilizes
rotational actuation.
30 FIG. 8B schematically illustrates an exemplary fabrication sequence of the
interferometric modulator of FIG. 8BA.
FIG. 9A is a block diagram of an exemplary MEMS switch.
FIG. 9B is a block diagram of an exemplary row driver based on MEMS switches.
FIG. 9C is a block diagram of an exemplary column driver based on MEMS switches.

35 FIG. 9D is a block diagram of an exemplary NAND gate based on MEMS switches.



FIGS. 10A-10H schematically illustrate the structure, fabrication, and
operation of an exenplary MEMS switch. 5 FIGS. 101 and 10J illustrate two
alternative exenplary switch designs. FIG 11A schematically illustrates an
exenplary mcroring based 2-D photonic structure. FIG 11B schematically
ilTustrates an eNGIPE &y yblpek diggihh of abesphplapndicplsyt sysieinlindmpdriting MEMS based
schematically illustrates an exenplary 3-D photonic structure. FIG 13A
schemat i callPgic pPd EEF SHMPENENS- exenpl ary i nterferometric nodul at or
incorporating IfG8. 10408 isBbnRlEMG ilistralethd BfuctRe, 3R8rkaidad ard Bpefatioh!(Pan13B
schematically illustrates the intefferonetric nodul ator of FI 13A in the
act uat ed steaemplaffiMEME3@itelchematically illustrates an exenpl ary
interferonetric uat or,dRcornorating ..a perjodi c.2- hot oni ¢ structure.
15 FIG 524A scheﬁ@gi icogf’?c{/lq‘]:ﬁf“ﬁ{sr Fa Oeaéteglﬁtweexeg‘ﬁ%P Ay itEh ‘i)ﬁrs%e“r'orret ric nodul at or
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exenpl ary variation of interfergnetric nodulator, of FIG 14A that acts as

an optical atterflSt b8 schenesticallyllustntenan sxewplopy Reripdic Lrlphotonicstgtatep| ar y

interferonetric pipdid @hQhatichtinhaes bPASmpRY 8D pﬁ@toﬁ’i_?fstir&?dre.sw tch or optical
decoupler. FIG 15B schematically illustrates a conbination of

i nterferonetric odldschematigally iystrates am exgrmlanpintestgrompivia roedulardncofrating

schematjcally.illustrates an e I fabrication sequence for a tunable
i nt erfeoone*{'%{llcrco"ﬁ% E‘icgr%ﬁx t@ﬂ“u%?“t%gg{aéS FIG 17A schematically illustrates

an exenpl ary t urfE0!| @3B ntienfadcadlyellistatesdibuingdrfaromesia moduliter bMEID. pionainegle i Nt 0
a wavel ength selective swtch. FIG 17B schematically illustrates the
wavel engt h 6WpELRGe switch of FIG 17A further incorporating solid state

devices. FIG 17gGseitedmémaRhilyillhdratés b aletpladp TRTBRAEE SRS oorating

integrated with the 30 wavel ength selective switch. FIG 18A is a schématic
r epr esent ata psriodi¢ 2dhphetasigstaetyret wo- channel equal i zer/mixer. FIG 18B

schematyscal 1Y 1SRl RemARa R AIRGAL Yo bBIREP Rtk mddifd Gl £R1a6 M xer

of FIG™18A using interferometric nodul ato conmponents.
schemat i caldnypiidal sisitchat es a conti nuous web-based fabrication process. -4
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t he i nt er f & IR 11BAGhat BBISlAH aRtoptical hitequatat0G schematical |y illustrates an
exenplary syst erITJ“I(t}h laStA s% Qmal%i%al ysiﬁl?strtat%s gns gx%xsngl'ary interferometric modulator that functions
20  as an optical switch or optical decoupler.
FIG. 15B schematically illustrates a combination of interferometric modulators acting as
a NxN optical switch.
FIG. 16 schematically illustrates an exemplary fabrication sequence for a tunable
interferom::tric modulator structure.
25 FIG. 17A schematically illustrates an exemplary tunable interferometric modulator
structure incorporated into a wavelength selective switch,
FIG. 17B schematically illustrates the wavelength selective switch of FIG. 17A further
incorporating solid state devices.
FIG. 17C schematically illustrates bump-bonded components integrated with the
30  wavelength selective switch.
FIG. 18A is a schematic representation of an exemplary two-channel equalizer/mixer.
FIG. 18B schematically illustrates an exemplary implementation of the equalizer/mixer

of FIG. 18A using interferometric modulator based components.

FIG. 19 schematically illustrates a continuous web-based fabrication process.



the residual stress state of a deposited film 5 FIGS. 21A-21E schematically

illustrate discontinuous filns. FIG 21A schematically illustrates an
exenplary formof a discontinuous filmthat has unique antireflective
properties. FIGS. 21B and 21C schematically illustrate an exenplary filmin
the early stages of formation. FIGS. 21D and 21E schematically illustrate

an exenpl ary perflGB.a2@20k schematically udludtialendefgin@tio2ih thehmembranealdygr of an
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a rear 1¥i eWhiSipdnteAeBmiab olifhtors. €1 ect roni ¢ phot ographs, el ectronic

bill boards or signs, projectors, architectural structures, packaging, and
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in non-display applications such as in electronic swtching devices.

Ant i - r ef | edescriptidip a¢ferengs iArmagiet toi theitdeavodigsowleergin dikie qrasth \arad designatod dvith like
interferonmetric, npdulator, design is e .efficien of.its dark.state, in
whi oh 11 o gmegls GPRtE RN, syl b epaikol B i (RSP et ition e ERTRReSR ibon ' ¢
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e potentl a or.
P electronic devices such as, but not limited to, mobile telephones, wireless devices, personal data

assistants EPDAS), hand-held or portable computers, GPS receivers/navigators, cameras, MP3

25  players, camcorders, game consoles, wrist watches, clocks, calculators, television monitors, flat
panel displays, computer monitors, auto displays (e.g., odometer display, etc.), cockpit controls
and/or displays, display of camera views (e.g., display of a rear view camera in a vehicle),
electronic photographs, electronic billboards or signs, projectors, architectural structures,
packaging, and aesthetic structures (e.g., display of images on a piece of jewelry). MEMS

30  devices of similar structure to those described herein can also be used in non-display applications
such as in electronic switching devices.

Anti-reflective Coatings

An attribute of one previously described interferometric modulator design is the
efficiency of its dark state, in which it can absorb as much as 99.7% of light which is incident

35  upon it. This high dark state efficiency is useful in reflective displays. In the described design,



absorption is dimnished by the inherent reflection of the substrate. In the
case of a glass 5 substrate, the anount of reflection is generally about 4%
across the visible spectrum Thus, despite the absorptive capability of the
interferonetric nodulator structure, a dark state can only be as dark as
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25  interferometric modulator is operating in the absorptive mode. The AR coating 100 in certain

embodiments could also be deposited directly on the surface of glass substrate 106 on the side
opposite that of the interferometric modulator array 108.

Integrated Lighting

FIG. 1A also shows how supplemental illumination sources may be supplied to such a

30 display in certain embodiments. In the exemplary embodiment of FIG. 1A, an array of
microscopic arc lamps 104, is fabricated into glass layer 102. Arc lamps are efficient suppliers of

light. Historically, arc lamps have been fabricated using techniques relevant to the fabrication of
ordinary light bulbs. A typical version of such a lamp is described in U.S. Pat. No. 4,987.496. A

glass vessel is built, and electrodes, fabricated separately, are enclosed in the vessel. After filling

35  with an appropriate gas, the vessel is sealed. Although such bulbs may be made sufficiently
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sacrificial layer 202 is removed using a dry release technique. The assembly (in the form of an
array of such lamps}) is sealed in certain embodiments by bonding to a glass plate-like substrate
106 (shown in FIG. 1A) such that the reflector faces the plate. A gas, such as xenon, is used to
30  backfill the cavities, formed by the lamps during the sealing process, to a pressure of
approximately one atmosphere. This could be accomplished by performing the sealing process in
an airtight chamber that has been previously filled with xenon.
In step 4, the application of sufficient voltage to the electrodes of each lamp will result in
an electrical discharge, in the gas between the ends of the electrodes, and the emission of light

35 205 in a direction away from the reflector 204. This voltage could be as low as several tens of
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When light trapped within the guide is incident upon the scatter pad, the conditions for
total imternal reflection are violated and some portion 129 of the light scatters in all directions.
Scattered light which would normally escape into the surrounding medium towards the viewer
128 is reflected into substrate 112 due to the presence of the reflective side of coating 126. Like
30  the aforementioned micro-lamps, the scatter pads of certain embodiments are fabricated in an
array, with each pad dimensioned such that the portion of the display that it obscures from direct
view is hardly noticeable. While these dimensions are small, on the order of tens of microns, they
can provide sufficient supplemental lighting because of the inherent optical efficiency of the

underlying interferometric modulator array 114. The shape of the scatter pad may be circular,

35  rectangular, or of arbitrary shapes which may minimize their perception by the viewer.
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in eithd& alnterferometric modulators have been fabricated with a pull-in threshold of 6 volts, and a release

threshold of 3 volts. For such a device, typical values for Vbias, Voff, and Von are 4.5 volts, 0
volts, and 9 volts respectively.
In FIG. 3, timing diagram 302 illustrates the kind of waveforms that may be applied to
actuate an array of interferometric modulators that exhibit a hysteresis curve resembling curve
30 300. A total of five voltages, two column voltages and three row voltages, are used in certain
embodiments. The voltages are selected in certain embodiments such that Vcoll is exactly twice
the value of Vbias, and VcolO is zero volis. The row voltages are selected in certain
embodiments so that the difference between Vsel FO and Vcol0 equals Von, and the difference

between Vsel FO and Vcoll equals Voff. Conversely, in certain embodiments, the difference
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the way in which paint colors are produced by adding pigments to a white base to achieve a
desired color. Using this approach, a particular paint can attain any color in the spectrum and any
level of saturation by controlling the content and amount of pigments that are added to the base.
30  The same can be said for a display that incorporates colored and black and white pixels.

As shown in FIG. 4A, an exemplary pixel 400 comprises five subpixel elements, 402,
404, 406, and 408, with each subpixel capable of reflecting red, green, blue, and white
respectively. All of the subpixels are capable of a dark state. Control over the brightness of each
subpixel can be accomplished using pulse width modulation related techniques as discussed in

35  U.S. Pat. No. 5,835,255. In conjunction with properly selected relative subpixel sizes, this resuits
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control over its genéral chafacteristics Al'ternative It

advant ageoumay dme atChleveuh Qghwysetyo byumnowraizing athé righiagss ctfdhdlcblbersdmxeisu. enibpg .
needs. For exam and. whi te node
if, in some™*Con "%—.%(tp e ‘fonjuma% Wvlvgef’rﬂ(]a ]éllyensubp e %ngﬁ't blacﬁg?‘ﬂwﬁl T?‘ﬁé’ﬁ i,

however ,5 t hghitsat. Anlarynmni intberwékeave Ebﬁvndﬂls@hattﬂilﬂﬁile hywdbl or still images, or in
yet anot her_node may want to view |ive video. Each of these nodes, while

pot ent i al | yUsgr Canteploholprddhemes o given interferonetric modul ator di spl ay
configuration, re%,{ aﬁbédrﬂ%qifftﬁe pridviBaiyt a&a&&a cBifol SdhBME &8 well RIRChficent

include the need for low refresh rates if nRi gh-resol ution i magery Is
required, oerttrtbh'@s abanl lnbyfelpmefaé mOévlemhb@hd dsplgy sbtaﬂr@ Qieqzﬁphtlon,fgraorsbg}e teptlck and
white is reg| nde ihility,
t he cont roléf fI&u%ﬁi te rov' Qhex lf' n Hgﬁ@owﬁe%nn@ elsr“’én i uﬁerflgl)é? &'fo
sonme exicentthe ansadebfaf proalioe (ﬁntﬁmh@eqmﬁmehspfaytd‘wtrélaﬁtfertIksa’geneﬂam)thﬁhaﬂﬂlls&ys has
only a certajn amount of bapdw dth, undane ted .by. the
eshonse. t| ARTBIEHG! Fry B “BRUNERVSORRY SRR S ST Mo SR vigting

i nformati ongepdd.ch can be displayed at a given tine. 25 One exerrpl ary
di splay architecture that could provide such flexibility is illustrated in
FIG 4B. |n thi sFasicsaRplei apsenmay oot wolvspe'irprpé)\gr & black and witis) reedenif.dl some ng

one of & Varhaly o) ek uagng%eadm b ShardoSRARM IR Ser G g 1Gyiew

progranmabl e [ odi c” devi ces programmabl e gate arrays

( FPGAs) 15 whiiglhqualityawnlof etill iragesf orrig M:t@nethttrtn}odgmaw vanctonjseriortvideo Haeh ofahdser ed

or reconfl acto

Cradi ¢ 1 onal PR SnF geleen GO SR8, OF Y 4 o BYoReE: BPyfiflar “Brigna
processi ng @hfiguria, qum%’seﬁz&kﬁl‘s, 1rﬁﬁd?thmﬂdb\/dttﬁ6utéd1€rradebﬂh ifdaide andraadefon@eessary
for such pro si ng l e su pIyln flexibility during the design stage of
product s iﬁ&ﬁ?%a?ta%#h'@ SeselRIEpIaeE 1 Siret i eGPl losehiovshigharinitale depth
enbodi ment sif pRIPBlaBleSdWHIB & reqefteh. data to the driver electronics 414 and 416
for addressing the display 418. Conventional controllers are based on 35

| C s or20appl i catTogivehecsen this | kigdeefr o deanapy flexjbility, thegroptsglier hidware i wertain
The- cont rof e C BRI b 1Ebnaekbatle G R, lert o R Lo T Sou
conpri si ng amyrdisplayshab aslyca serthithaghiet of émeimdtb,gwhlah lazﬁmmmlss l(nhmglbor thgat es
a0, |90 TSR REIR LR AT Pl A bE AR o
| oaded i nt cxhs]imgve@lnts;pgn&y tie@nt rol | er
25 One exemplary display architecture that could provide such flexibility is illustrated in
FIG. 4B. In this block diagram, controller logic 412 is implemented using one of a variety of IC
(integrated circuit) technologies, including programmable logic devices (PLAs) and field
programmable gate arrays (FPGAs), which allow for the functionality of the component to be
altered or reconfigured after it leaves the factory. Such devices, which are traditionally used for
30  specialized applications such as digital signal processing or image compression, can provide the
high performance necessary for such processing, while supplying flexibility during the design
stage of products incorporating such devices.
The controller 412 of certain embodiments provides signals and data to the driver
electronics 414 and 416 for addressing the display 418. Conventional controllers are based on

35 IC’s or Application Specific Integrated Circuits (ASICs), which are effectively “programmed” by
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5 conponent in the formof hardware applications or "hardapps," froma
conponent 410, which could be nenory or a conventional m croprocessor and
menory. The nmenory could be in the formof EEPROVs (Electrically Erasable
Programmabl e Read Only Menory) or other reprogrammabl e storage devices, and
t he mi cr oprodesefdheicdssica dumnempniache. flfe aendrolle 438 j0é cerigincsnehodimants| domprisghos e
function is_t. . YA R i.s.10
were porf orheebir it Mo ToRARAnL AARORREY s AL ordT kel U] Bbic
functi oni nggaek ahd bbgjermatintes or asfbmblicapp gaes) By ssigglfidd pagaousblaiaices swhtak

relatively sinple.circultry it is possihle to achjeye a i d ari ety of

it terent did oy FAGAS gttt dhsplsie PORRUTIoon oRkE Beacot: LI Gipls oy lef s
al ong Wi t heolnp6neROinGiAé kdtin SfhafdWiR) GIitHERs orCRerdRsYs L it @lcohPeheRiCA10ERhich O
exanpl e, mght be operated as a |lowresolution text entry 5 area, while
anot her pr cekldds maogHy Ua CPRVyniaBAlNICTAPFPCeTBOraRd | REERY - nidhe apgirary comld be it d be
acconplish et B 1 i m.iathans I\S by
varyi ng th?g%ﬁfegﬁ%%lgg @%ﬁﬁhﬂgmt%%q%‘% diljg%lljﬁgjmfﬁ%lrg gl&;af gﬁl Ign?\megﬂeo E{ Z)th'F t he
di spl ay. Theprbgremmalsie|sterige rdeviexs, and eie poudpmlodsssor seddnad om fiedioym afidinpit y

once or tw ce correspandi t 0 .one or .t bits of gray. scal pth. The

hi gh rendi t‘F’SWC%Wﬁﬁ?r 'gj}oéeap"@gtﬂ"ds t5°e‘°§‘iﬂ‘ﬁﬁ’§%&‘a?i’a s |“§f9‘5’F%"€a &ﬁ%})ﬁgeé“n?ﬁs S ur
passes ®Wor NaGPpRtbrie Byowhatdret froQ8sodlis dssidfateiviith thd g@eRy fmaloRing @D el pratuab| e

El ectronic Products This idea may be generalized in certain enbodinents to
i ncl ude notThigaPPropeieis pdIRtREENRPGcRYse With relpfively ipple GirquiRt ¥t & Rostible fachisysd t he
functi onal ie Cdrielyt aRt¥eRdnfbisplRy fGtbrhancE LGafipthGtiSRANE nifrd dﬁéﬁ?@c‘:aﬂrrytes, along
configuration of a generic portable electronic product 41 hat has a

pr ogr anmab|veéthtBe paseptial tol eunkive emequi val ent at its core 420. In many display
centric personaloglaalhORie YS! SampiP it PRARA (P IPAR N Hdbh Ay

assi stants) and el &ctroni ¢ organi zers,  the®cent Par processor Is a var ant
of a RIISC (aradwhile ahotbérr poviden hight quebityprehdition pf aeemesoiing featailuTois @uldebeiced

instruction set.. ile R SC cessors are no fficient versions of CPUs
hat | poner SIS CHER (e DGR PERRY pragigpeoiafs fireye R PTG gatan e
processors ghil ahmbot BEQEnsHol BiffeRht RPAEMY oMBY AiSp1aY. MHe 108CreE ARt YRa taAlKBs SuUCh
as retrieving instructions fromnenory. In personal conputers,

; ! ) power
consunpt i orfegngedhgpidiring saly@pce i dvich eortreRmding i ior Pr i eray scaledepth- The ge
nunber of gRIMLid@inGthas @feh WaNE bARRAeE Mpidtnd WillAhRPBPRbLE Fasdes céﬁéﬂ?on@fn ko pi cal
di splay centtic/personal electronic products. They are required to cgnsune
| ow poidr dhrde exffpenbitgof graysealé.vel y smal | nunber of relatively sinple

progr ans. iglgﬁ ﬁaﬂ%gglieg_gnzc%&[u&si npl ementi ng the 35 special purpose prograns,
whi ch coul s, calendar functions, drawing -12 prograns,
t el ephone/ addr e Sisdédaalyde Fencgaitlehmrdmain tmglim@eseto indhele agnjuititienfusmiondity
ot hers, as _hardapps. Thus,. wheneyer a.palti ar e of functjonality,
g " pr S oR roabelbr R HE Forg Rt o dh e e B oG s

reconfi gur edendih chifezupudiph OP & igdietic partshap Pleainttlict Reduds 818 thixt IRE aGlsgrathhdble t he
product. Thus the hardapp processor, a variant of a Field Progranmable Gate
Array Has tlpgic device or equivalent at‘1ts core 420. In many display centric personal electfonic products,

such as PDAs (personal digital assistants) and electronic organizers, the central processor is a

variant of a RISC (Reduced Instruction Set Computer) processor that uses a reduced instruction

set. While RISC processors are more efficient versions of CPUs that power most personal

computers, they are still general-purpose processors that expend a lot of energy performing
30  repetitive tasks, such as retrieving instructions from memory.

In personal computers, power consumption is not an issue, and the user typically wants
to run a large number of complicated software applications. The opposite is true of typical
display centric/personal electronic products. They are required to consume low power and offer a
relatively small number of relatively simple programs. Such a regime favors implementing the

35  special purpose programs, which could include web browsers, calendar functions, drawing
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5 hardapp manifested in its internal logic and connections, which get
re-arranged and re-wired every tinme a new hardapp is | oaded. Nunerous
suppliers of these conponents al so provide an application devel opnent
system that allows a specialized programing |anguage (a hardware

descri pt i orProgingu defephopeiadsieesy dafaases. iapd Jandwaiting/gRceell recegmitioncimangi QHhers et
makes up t r i I to
Sl Tyt RE PR SRS, Bhhe BRARRRARE mobl ARG 3k 2 b fafh SREEEVRE, |
this form asexv\éielcore@meappnscamhﬁglmedemﬂ the iapgrogriatchhaadapp eodthe oserigeraclevith | ed

in the paper Ko "Plasti.c l.I, Architecture: war ds
Recont i gur bt R R T Jkpe bofisions 2 BIPRsE e B Pl il s e
FPGA- baged Haktiab® mMabibespedtih Ng intMaehiogRSand kfkctidtef @hich g RUMatgedunllrGwid®, 1 n
certain enbodi nents, the hardapp processor 420 is at the 15 center of a
col | ecti on FIYIYIRS dacY burdapprig 1oaded. Dherqus senplersiof thsg foponenty @lso provide yn or
i gnore bas d
The har dapgﬂg lé%ﬁorthgvei&gﬁl%esfﬁagetf;%{a?hwpgngécdatl lg@dn@gél??’%?nn%ﬁ%&gé L%%Jr%ég?dent
i n the prodigsdriptior Iaﬁgtmga)ambvemﬂmeduaito the legiel repeesdRiation thaRnakqampnﬁeaxpp;opma

whi ch coul d ul | om t nLern net wor ks

ol ect r oni ¢ Pt SURRARE S0l T G el & sl e Biacl afiy pther et
appl i catpi orprogﬁkrh;arngemn@eesnt@ftmhafrﬁlaergp&m@)nb APprogid tv GealiRing GG plobddBoras
speech synthesis al gorithns for the aud ?asl nterface 432, handwiting

recogni t i orfleflebini thepaper Kpuichi Nagamy, gt als7 Blastic cel} Architectisgifiowards 8ﬁ°0aﬁaurable
processi ng ¢hdRfind Wr GelbaRPRYosd 288 dEERBOSKIHIP Wn IHRYA-6Red 3QstomUCdngtiRg oduct
could performa nyriad of fuhctions by virtue of its major conponents, the
di spl ay as Mishings. il y user interface and the reconfigurable core
processor. Tot al t dev I t. der
b Tons of 26 MRLyRES M O [ohinidaReR e Rl foclBpO ROt B 8L 1°),
exi sti ng proeniucctfsa coDextionl pf 1/@gleBEcescind padghasiy thatlit mmﬂize; hadily) @ogacgabasédpect s

modul ator B AP EbE R ety SrE Tuf WePariat e g 1 cBe ' ©

per f or manc enfbbdigints oM h&iceL? fesideniidighk iiicﬂﬁctf dr@rOni drSexphdl §(iﬂrcepﬁﬁ RBOAENCE.
Certai n enbodi nents descri bed herein uti I i ze an 30 i nverse-ty

i nt er f er omebtERCerBFALVRIEToridR hatriepsifipm the interpttecellglpr Retwarks. of %th?neIeag?%t ed
in FIGS  SvicBaloRdwith BontédtAor 8pdrtéeiEh hdr@apBlaphiidfibn. Rﬁﬁér'e@!aﬂlﬁﬂegﬁlcﬁ&'w gs t he

el ect ronechani cal performance fromthe opti caF performance. Li ke many other
i nt er f 0ondnqlyde vaise tcegnitons spegeissynthpss 3lgarskmsfor the gudip mt@faf:eﬁ%bmdwmmg

nodul at or t @b iCaok0 h

interfer On&?&k@ﬂgﬁé@?@tﬁh&&?%ﬁ ﬂ%nb% i %rrefdﬁlt'%%a%ggg{g E%W%l ﬁ’g?% %@'&‘3@) e 't he

i nt er f er onslisplag 43% ambichaainput' dsvied ¢Hx Smiwaduccmuldqalriam emykinéd of fuhaions by
interferonetric nodulator's opt 13 t. by

SET vt or o s S RprpeRR ohe Bnie Bk Bman wu S apd tseonHetie

i nterferonbiel srodeadell Bt potver msanptiva ttedsich degeite @biill beadn thb@ider 0Ptche af
properties. In the exenp lar%f@' nterferonetric npdul ator shown in FIGS. 5A and

5B, el ot r Golives versus thersgyerdl hupdsed millivats sensumed B RRsHAGPIOdUGY ect ri cal | y
i sol ated f raLERAP EROEIEChdnRhl RYBctOFroh St cal Adpekts

U.S. Pat. No. 6,674,562 has previously described exemplary interferometric modulator

designs that propose to decouple the electromechanical performance of an interferometric
modulator from its optical performance. Certain embodiments described herein utilize an
30  inverse-type interferometric modulator configuration, examples of which are illustrated in FIGS.
SA, 5B, 6A, 6B, 22A, and 22B, to at least partially decouple the electromechanical performance
from the optical performance. Like many other interferometric modulator designs, the inverse-
type interferometric modulator design uses electrostatic forces to alter the geometry of an
interferometric cavity. Certain embodiments described herein decouple the interferometric

35  modulator’s electromechanical behavior from the interferometric modulator’s optical behavior,
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5 film504. The el ectrode 502 is disposed opposite the view ng surface and

functions only as an electrode, not also as a mrror. An optical cavity 505
is formed between nenbrane/mrror 506 and secondary mirror 508. Support for
secondary mrror 508 is provided by a transparent superstructure 510, which
can be a t htherRbydaieréing dbe Spvirk destgnc pndagnatseialy used| for wpigian cempengnts ¢fothgani ¢

naterial . 10:hhofRlldduBP Rl TeRl S intisk fuclfy YAGAGRcARRILAT, 1 he

e
menbrane/ mrror @gé malkntains a certaln position G bHA relative
to secondary m rindke &x@8plagsingddtemeirnanbdolator Bleownt ihiFik$ Sasand 5B} tlectsde f0X is.ci al

vol 1 a ¢ i airaee ShroBRuE Rl o el B e et o B g (e

secondarsy fifkd 508/ The eRRE&lefI00R dispwdd cpbstethd aeqvaF surfRY afd iidblidaRlonignd ah he
mrror/ menbrane made froma 15 reflective material, such as alum num then

the struct UHele potalyo 3t miger-1 A APYGREEATER P2 Bmead;bghiteen BEmbiaps/mHTITRYO be
percei ved bygt g,k §\iiiror 56s. SidbpBR b Cdtbtary h{iré&hﬁoescgr[gﬁmm by al Mdndpatlpuah

to be semtransparént, about angstrons,” and t l'umnumis sufficiently
thick, at |spastn§®e 5SHLHgdidhorm, beas thick deposifsd cqpugnnict eoh asHYJ-81 palyimideg or amy
have a w de_ var i.e]glxer% optical responses. FIGS. SC and SD show exanpl es of
bl ack and WAPERISRAE or responses, respectively, for the 20 exenpl ary

i nterferonetric Ineektdigtmbodhertd, &Gth rbAoh#i@ apRlied] the Geidbding/nfitie 506 ResthigeRt S,
the optical response is determned by the cavity | ength and the thickness
of the cons¥ripdreitipyshavan in FiGs SApelatiys fg seeppdarg spirer of8, as\Astarmgigied gt ed

bet ween pr i fRknésEdrle saehiaP i eid QehotRaRi AREM vt cRIre. FOLanCktub i WREIIRE 36t
interferonetric nodulator of "FIG 5A As shown in FIG SB, the
menbr ane/ mifpwioyolts G6thicknese of isevgral yhoypand | angsdigms trhight behappeyipnigtet Hethe sengndernf t he

opti cal anr{jlﬂﬁy istrXa qgrnt P&L@{ﬂgn?aééé}g ﬁ%péﬂr&ﬂllump Erg)cpt%F Hlﬁgr/rg%rﬁll;er&% made fm{n % al

interfero ric nodul ator. WS one éxenplary re ive optl
responsk wheftdetivesmptesa, dukle asalothiniinethemihe stradters will rdflgstt aeetdin g qidneiedaft light st at e

521 when t device i.s full ctuat ed nd a white.state 523. when t he device
e ot ful 151 SRR pefteede BEERIE: 2"t Bukblak e s EhEuR s Rubed
col or peak eSmitransparentiAbodd 219, angfvids S0 agnihem i eufeicib@iySthizk Ug, 1e g€ 88, and
red respectively. The el ectronechani cal behayi or of 30 the device in certain
enbodi nent sa“ﬁ%ﬂ?mﬁ’h‘l‘fsmﬁ’é apagHer Hep dhe ?tﬁ‘a@ffe’i‘?@é H?"I‘"ya deet‘ﬁ%e‘éipﬁ’f joptigal responses.

per f or manceprGENsE fkd b BhdWTHALPIEE BF Slacit AR WRifeSint AbBr ARFbnSQAN e Ry, 9t R t he
substrate 500, the primary electrode 502, or the insulating film 504

i nfl uerd¥e teremplpdntederampigfinaiulsior R EICY. irerfdetmin perteimeghlcambodimpuls, tho not
appr eci abl yolpli&ﬁ LISIRGEs LG bggire QG B IR OhicdkSs of t?%&{ngtﬁﬁﬁlm &k C

i
nodul ator. Tn certaln such enb ment’'s, one or nore o ese elenents may be
35 sel ect ed i nddfy@ndBrshbys die teldt nhk ewitagesappbed betseey ptilnary sedemnda 592 and r or .

-14 I n another, ex |l e of .an inverse-type interfero I.C ul at or ,..shown
T E G Do BT R PR TS Tt it Fn AR oA S P
protective JBasis mahboit/ e 508 22 Jrtically cisphoat, Ofius Rafithg Be dingthestt the ©pizcd06,
first support, posts 2f208 a nmechani cal [m r.ror Ia%/{e_r 2210, _second support
posts 2212 ca|tyaaddherstprethe optical psaperties qfithe intericrametnie modylaloe FIG5(gshos ppe o ¢

cavity exemplary reflective optical response which is possible with the two states, illustrating the dark
state 521 when the device is fully actuated, and a white state 523 when the device is not fully

actuated. FIG. 5D shows an exemplary optical response with color peaks 525, 527, and 529,

corresponding to the colors blue, green, and red respectively. The electromechanical behavior of

30 the device in certain embodiments may thus be controlled independently of the optical
performance. In certain embodiments, the materials and configuration of the substrate 500, the

primary electrode 502, or the insulating film 504 influence the electromechanics of the

interferometric modulator but do not appreciably influence the optical performance of the

interferometric modulator. In certain such embodiments, one or more of these elements may be

35  selected independently of the materials comprising the secondary mirror.
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5 2218 is fornmed between the dielectric 2206 and the mechanical/mrror |ayer
2210, and a second cavity 2220 is fornmed between the nmechanical/mrror

| ayer 2210 and the metallic mrror 2214. The nechanical/mrror |ayer 2210
i's supported by the first support posts 2208, and the transparent |ayer
2216 i s support 48 apsfher mrampleof e invgrsprépe ieréarametriq modylafoy; glioma in FEGHI34i thent s,

ol cct 1 ost T 7208 ARAEE bR Sphdulioalt B TF PR ST oRafhal Y8 22%n Lot

electrostatic splacenment o e nechanic
i ne of theondctvarRehla/ divlestoc 2RG0y dirst sBRdt postsF2288, 2 dkchdnivamaror Undr 2¥HN or

undi spl aced condi tign, r,eas e dott line of the . .nec ical/mrror
ayer 2210 SFRRREIOR B ARG Tt VRITeL i SR Gh VE G0 et cav
nmechani gal /208 {sGbmcalbefveent dicfecBRIT206 bad/thé BleBahREl/hiProP 2981280, And 8 Sidohdl
optical response to incident light when it is b'r@%g[?ht into contact with the

di el ect ri c @Ay6222@ 55 foFmedehenugen thampehnnigalimyronlayqr aphthq meeallic misrof glfe from
a side oppagsilt . - Su r 2 e i .C 1 r r
2210 is sug[jﬁlgcltﬁ% LI'P%) e“éc(?:tt fr‘)igsrt gétl?cg %%g%r}éggl@n%%t ﬁﬁ%g@rb!tna?#{e%n%({)ggiaﬁ%%g t he
first cavi ttsanakst hyper 2314 apeppdrtehbly thh secwed eupgort oty 32122 22 Cerfatn extpinttad, so

that the g bet ween e.netalli.c mrror |ayer.2214 and th .
nechani cal /at%i Wrg\f{'\g?ra%r B PENGCIFE r Rk (gg‘frm%):nﬁ%ﬁané%%‘f & el ﬁblﬂée electrostatic

i nt er f aNONBlispiaGenidntloll thé MEchdhicl@sirariayer RRIe THaeslal BMRSE ieaféthiiicalymTrorPateent
No. 6,055,090, achjeve a reflective colored state wusing interference and a

dark stat e 2¢1%hinBSn 22A ishews aprendgiugnorsyndisplaced copdifien, thereas the dotgdnling pfthe

exenpl ary iRt GlRIRE Nhfer U6 AAGS DRCHISE 4 REvALCEK a@biatdie cshRidht | He
standing wave is positioned optimally within the second cavity 2220 to

maxi m ze alyrshasidamiropiener R 1sngeoprally eeledted tor prodee Odésediopténd! raspapse emt act
W th, or ch . I | C- t standi ng wave i s noved
out of pog}il 'fclug'ﬁ{ }?@ gﬂ%’gw%\’%ﬁ%}ﬁﬁ@i’ %n&%gﬁftﬁégg%eéeﬁm%i%ﬁ?‘, dependi ng on the

predet d6m ned sfiacemgn babudiments, e vidived 22(11r sees 22 Gagenfloinhe side cppasite alf /tha r r or

| ayer 2210. By . narrow t he spaci ng, between t netal Jic mrrar |ayer 2214
and t he mecHSHMEAPIT r rufen Kt ecgaé’fgymirf?é Y Eg%oorls Sufjosted |1g.flectrostii

subst ant i aldispladdrhenVVavektaid Palbsdiiants e Vi ichNi 2N8GE EdlApset &5d el RBord tavify
reflective ite state. As described above, in certain enbodi nents, a viewer

2201 of an 2 dt sBPYYed nte bl Bretdpi LeBELItr gRetdlie miser | lrege23 fomid thy de
opposi te ol RficatMlRiof alyer 22 intRAQUINDhECexetPRSE Lo intetfefeict@ Modulator

enbodi nents, the substrate conprises a portion of 'fh%e I nverse-type

i nt er f @ ondesigns, hkedihpset dsscribpd ¢ US RatsoNe d6.6p7099i achiave at ieBedtive polased statke  of

t he novabl e_.m ¢ [ es: S tj al I . W t l'i ght
bei ng mduﬁg%@‘%&ﬁggﬂ g?rgis%?e ?1';'%9{033? %193;&9&% fg(p%t%%'/ 1s2{1c§fé39§c% glv%ﬁéga Sp % refer
to the si dexaiiplériecinierferemsigic t mednlatont detamsonhet péak ofothd| @bwdtingf stemdingl Svawhiich t he

Vi ewer sees t.he dul ated .Light. The, subst e 2202, .t he conduct 2204, and
the diel e@f’?’ﬁ’%‘eg;%"ﬁ?‘%d%éhﬂ'fg rt]]‘—gl ﬁco‘fzﬁ\avéﬁyeﬁéécw BaTGH#“: A O%B%an%sﬂ M rror

| ayer 2210 mekhmiceiPMirrol QZHN ie chodPP%d EdmitdcOwitheor GhuihIchitersib Ote Qfelectie 2206, the
mechani cal /mrror |ayer 2210. In certain enbodinents in which the

mechaniéal FHIIPBIA1GRG Eroved o8 Siepositipbrrarictiag Pipenrtn: Parrddighe fepepding on they| | y
reflectivelyredetermined spacing between the dielectric 2206 and the mechanical/mirror layer 2210. By

narrowing the spacing between the metallic mirror layer 2214 and the mechanical/mirror layer

2210, the modulator can reflect substantially all wavelengths in the visible spectrum, resuiting in

a reflective white state. As described above, in certain embodiments, a viewer 2201 of an inverse

30  interferometric modulator sees an image from a side opposite of the substrate, not through the
substrate.

In certain embodiments, the substrate comprises a portion of the inverse-type

interferometric modulator which is located opposite to the display side of the movable mirror and

which does not substantially interact with the light being modulated. As used herein, the term

35  “display side” is used to refer to the side of the inverse-type interferometric modulator from
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5 light inpinging on the nodul ator 2200 fromthe display side and being
nodul ated by the nodul ator 2200 is not substantially affected by the
optical properties of the substrate 2202, the conductor 2204, or the
dielectric layer 2206. Therefore, in certain enbodi nments, at |east one of

the substr aveclpfoxiexmecesdhtimeteted tight, Hsubwatchepcibe cprduptay &i042ombthean be
chosen to DgeeaibBYy IRl df YFIGPQ%/% gﬁ?éa@l? bEBY the nQ:chanQ:Q%ggg)ir rléé’eg bb 1% hhgreby

reflective, or translucent) to n certain 10 e nts, ft

substrat e 28¢Redoppyrite dethe tisplacodoif theomech@ich]l/mite lalieeP2Ot I criamyestbodR@Bs OFr
both the condquctor 2204 d the dielectric . |ayer 2206. rtaln e diJjrents
"0 whi ch agn ol RmEgei ef It Bin PPl GRERREL T
| ayer of5 t hight iMpingifg toyi Pifte inftidelafo ROME ibinC theRisplAt e i bélNH modalas P ayeiht
provi de advantages not founcg in other inverse-type interferometric

modul at or s. MEBfaten i fsenot eupsiantilly pHeqiarl Ry We oPYGIbPToRtrHsS bt 3R8duthat or s
have conductoh¥Rids 286£8r B8 dRleciclilye 23088 THERRKE, 3 SerRemolifRGsCANINCnk bf
traces are electrically coupled to the conductor. If the substrate is

subst ant i al the subistratp 4382, ethe conduetor 2280 dod tthey dielegtzic dayer 230G ppebs chasomid he

display side to .be "f| .ng W thout an vi si.bl e supporti.ng. structure.
Then the i oy s CRbaRety e bl AR e & GHRRRGY Beft TH ST, oy
si de, tige CembadifihisOhe Qibsttane2200 Rokugrised/he tondoa@sr 2004, hhd dieledti@lag@aLA) br both

substrate can produ 0 per.i pher t ween nodul at ors whi ch appears grey
or has noirt ei?&f"fcé‘frég‘?}%q%&o‘g?lﬁ%ﬁ?}/qrs entering the nodul ator from bel ow
(e.g., through acdtaRnaRfdRktntsPRr Whie aOfeadt e SHNEE SRisRite CAHP BFducol, EMAARE F OM

the display side. Thus, displays utilizing inverse-type interferonetric
nmodul at or s diiesticdavar ©f 4 pricBRtyPS uBSHemmstricamodwpiobiafe negtiranspare nprPEde when

viewed fro i shl j ieal: 3%" C pﬁ#e .o try
to avoid tﬁdgﬂ?ag%u@gdﬁg%drs]{nﬁgg??n%\é%rl,n &?E%Ewmf naisas%g%?{aqw Zeé Qypt,é?,]
addi ti or¥al iptersggyper intedpmetngoesiviatigs Bive pondugtiretrandsi eul ot withinethe swtstrge and/ pe
interfero ric ulators. In certain enbodi nents e substrate is.

ol ect od 1 ghise Soneg B Sue kil SubieSIDRE LIRS, 1) 8 SR Shabiigfiaty

t r ans| ucenttyan§arent) desd dondmtichieioed d2@ apyhi £arh thealiypha sile cebeofflobtiig” oahcliiahy Ve
traces, therehy providing a unpjformperiphery when viewed from the display
side. In cefyRly sIPBeTHES S‘B‘%{Y{fdi the inyqrse-t¥ppjateHerometric madplator is yigwsd fiom the

non- t r anspasi@nly sRIBAhaEonitmitios bl BE LdndBetve tees wIRMKS tri@pardi bubktratdBinGh&fRcd he
color of the'inverse-type interferometric nodulator when the nodul ator is
in the Xar l& perighay betiyeenempdilatorstriich apREASY BIFEoF das pRe paftesasy Jneadiligion,dighect ed
to avoid utjl.i.zi r i t i

enbodi nment S#lehé%?%gﬁ&élﬁ%éﬁ?{oﬁ%ﬁvgﬁé% th%&%g??%ftl 9:3:3{ a%?cggdgg}ﬂeg%gtg{t/ i"ds be

pr ocessi ng visveld| fems thd Wesplay sideg Athus daplaer utdgingunveng-tprointskeome gicapdiplatdrn
certain emhodi nents dur.i ng the.fabri,catio f the..nverse- e
Ut ert or onderEE Mehprert SySE B SR BB RN AR UShE TR | (o,
vari ous feat ur eOpsital tnleksardndttad cih.be hedd tp b9 t@hicidhhigrragueedcdnabyt | loatved suck
structures on the substrate, if the s(gbstrate IS sugjstaérat%al llé ,transgarent
to t he 4 gHPaskiag deAvTeL adtigmal SHICtYSH 30D PIOCHSIGR 5y 1f feqrddeq;iq MnAMBIEeiyPs ght ),
t hen scatt ghfe@omEtrt NBodulatddl. D deRmbhUSrBodRlenfsU il S@Strate is selected to be non-

transparent (e.g., opaque, highly reflective, or translucent) so that it maiches the optical

appearance of the conductive traces, thereby providing a uniform periphery when viewed from

the display side. In certain other embodiments, the substrate is selected to be non-transparent and

30  non-reflective (e.g., dark) so that it maiches the color of the inverse-type interferometric

modulator when the modulator is in the dark state. In certain other embodiments, the substrate is
selected to avoid utilizing mask structures or processing steps.

In certain embodiments, having a non-transparent substrate advantageously avoids

processing problems due to light scattering during photolithography. In certain embodiments,

35  during the fabrication of the inverse-type interferometric modulator, photolithography techniques
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underlying the substrate can result in a diffusion of the photolithography
light. This light 5 scattering can then affect (e.g., |limt the sharpness,

precision, or mninmum sizes) the dinmensions of the resulting

phot ol i t hographi cal ly-forned structures. Simlarly, a transparent conductor
or a tr ansmansm talifete otnicus feayres of aie gewdelatat e Honwhotbbillogreplti¢ datiriogiionf oft he

photol it hogra t here ffectl di nensi ons, of .overl a

Dot ol 1 t hogH BRSSP bsiai 1apy Bt e Sbin el talirAea 0ot bk bEng B i e
herein, sucfhe$hablibdrithyi(8.g! QHMCBR! AENE e sBAleRl @Nthb'%ﬁﬁl%yafeatﬁ@s ot Rtabat e
which is substantially non-transparent to the photolit

ograph ht. In
certain enbmﬁeﬂﬁng she prbgtraigy can rrshlt tin ardiffesiamet ﬁlﬁhélpiohthegfad\bfahzlage%us Illght
shi el dS ¢ ungieldote e Gk Gt fo RS Whineld BllLisio by SRR AONAELIRALS,. he

mverse%ype in er one T Cat edon a sem cond

substrate (6ftge resﬂtlhg mrt)hthdgtaplmcﬂqmpmﬁessuams USitriiMsly, al tmﬂiipdﬁﬂnt’lgmhhﬁtorl’lﬁfa
limted to, passive_conponents (e.g., thin-filmresistors acitors,

C
i nduct or s) , TANSPAIGTY da%%qtr\*feladernﬁ@néﬂwte( gnvgpnted (fcpfipEiag of rtamb%%tﬁggranlvft kgtat ed
cCircuits). [rofhf &ﬁ%g,m@ dﬁhénki%ﬂs”of SYhE grngt;ﬁ,o&ﬁmo?gpm ALt G 8 gﬁauﬁé\/%

capacitive sensing ciFcuitry wh can be scal ed e size o
i nt erferoneteartain ¢rotebdinsntsr d@cmlmj heterm,cseclt agatteréngbsdicdsnd or elimohateselys bsigg a
rferonetric

ol ot Repie SRR st g ohGaih T s Bho SRkl FERT o) or Lo sense

ext er nal for ces ﬁ.padnaﬁndeﬁlbocﬁxhaltﬁ Uising ad @ok-@arparertOsupstaw advah@pohsiy cshreR 20
capabilities). In certain other embodinents, the substrate conprises control
circuitry. Yiderlying Sy tem siray lightndn sriaiy embodimeptsy fhg H%veasaﬁyr@rwféfferp%tm

circuitry Oﬁm&.hﬁmsly RicAt® on 1NEmicShdudr biteidte @@yl shiRas fAich %ﬁa%fnéi@%ﬁ&ﬁtr} he

circuitry or could create charge carriers in the circuitry, her eby
affecting tinetudmg b@t nghlimiteclor pasyiveodomponntd (.8g 8 il exdisioys, tépecitors, dnductors), By

using a,f Onand ac &{1 F]‘rté k‘eb ? %Ei é g%n?s%tolw ggtr %r%teg' %ﬂfmtsﬁ;‘"F agrfé)re{, I?l silicon

substrg&e i @40 rom ain
enbodi nent ssubhmﬂ dag ba fabﬁm{écrtammaﬁm:itwﬁ wasing ahmm;dwh:nh a;gﬁmssilyd ol thesdse of

standard sem c¢onduct or. essin qui pmen 0 be used to fabricate the
i nt er f er omef ?'Eer?efﬂ%elﬁq‘%’gfi‘?“gm 9e§h F‘@ e"'ﬁ’B‘ﬁ’mF?t%rtS“‘g’aﬁ@%"‘&j‘chﬂl"ﬁfa“ be used
nmanuf act ur i {gométsioR theSdtdié 6P @acwh@if&aﬁletsw Yula®¥ Sn tfedfdyC@ll, 98 p?&v?d&smé’xﬁ&g'
dependent on the orientation of the silicon wafer. The top surface of the 30

silicon wafepahiltissken toysepsgsextemal darees pplindt ta thes subgrate (-8 hiernsovides touethsgreenhe
OPt 1 G2l 51 OBRIGKES). Gh clrdfh othdr ERABGImbAL iRUEAGE cBhftisdl LdnfibRHcuhyOm t hose o

t he untreated bottom sur aceo Il con waf I'sting process
equi pnent uses tlﬁehedsubitsuteemttraomareoalstrqqr bglelcan aﬁercrhe theritry e’athedultsatheSMace

from the untr ufacetod rientation of.th

11T con vt ey b ou RpleRRG AT nt Beeiint o0 e Varef Sy ppg el

equi pnent  tBertRbiffeetiigethe 8bisé Midesct @b aatsighsls gaﬂmlteatlgrtﬁe wikdubiryd By addsdah@Nt

gl ass substrate. The optical properties of the t surface | ooks

subst ant i al Fapspaat §‘éhﬁ§a‘&sthf waf?eﬂ@ﬁﬂgt%uwtqf dh wﬁtfaéw %ibﬁélélailh Praetedcromes
formed gn gt,ra?h p@p surface are visible fromboth ' surfaces. Therefore,

gl ass substrates do not provide the different optical properties of the two
surfaces which el sariaingepbasiaents, dyuing nie mon-transpjrend  gubstrate advantageously allows

standard semiconductor processing equipment to be used to fabricate the interferometric
modulators. For example, for flat-panel display manufacturing using silicon substrates, various
fabrication steps are dependent on the orientation of the silicon wafer. The top surface of the
30  silicon wafer typically has various structures formed thereon so that the optical properties of the
treated top surface are different from those of the untreated bottom surface of the silicon wafer.
Existing process equipment uses the different optical properties of the treated top surface from

the untreated bottom surface to determine the orientation of the silicon wafer.
It is much more difficult to use this existing process equipment to fabricate

35  interferometric modulators with a transparent glass substrate. The optical properties of the top
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determne orientation of the wafer. To overcone this difficulty in using
gl ass substrates, various 5 techniques are required to differentiate between
the two surfaces. However, these techniques can be cunbersonme and difficult
to integrate with other fabrication techniques. In certain enbodinents, by
usi ng a nonsurfecenisgksrsebstantiallysthe samee a5 dhag of the bbitany s)rface siacecthe sincbmésdomudonor

processi ng equi pnent can. asi.ly . used tao.formthe interferonetric
odul at or o B0dw PRace FTipte FER vl $86Rs, reRilh #18s \PFet o0 At e e
surface ar edifférehtOf}iedl progorids eoff thomvd Rerfired twdith dibtifigl PIACR. eduipnfe@l LR to
enbodi nents, having a non-transparent substrate adv_ant,ageouslg/ al | ows

i nt egr at i ondedming @ripTationof ths reafri To ppetenmas tis MIEBHlYAR U BHSMISISHPSTAGS VYU g

control (i r&w’nfqus arf @eggﬂrrga% hﬂﬁreaﬁé%é b&%@emil@&oﬁshg @rﬂoﬁqu %E@[@a&ﬁﬁles can

processi ng equi pnent be used to form e control circultry in a
sem conductler cfmbegromesand difiqults tbsntemste witd diliee fabricatidre tahmitiudsc I Scertain
nodul ators on the substrate. Intcertai n %rrﬁodi mentsli E)avi ng g .

non- t r ans paPERETERSs OY AW PORTARRANLY SUUsHAF d5§eSHRD: stantard s ssmicopdieios
circuitry a;ﬂécea;;hgaa?uﬁ;gﬁ@us:h:y be adtiBeGseli NG RanSthé AhtbifGonano GhauthriVoldt the
integrating control circuitry within the interferonetric nodul ators. For

i nt er f er onetubstdtenings the swucturps: farmeday the fopcsurfags are yo dangprevisible fipm the hettern
ci rcui tf% tﬁﬁﬁé up area which could otherwi se be used for 20 nodul ating
light, thereby [imting the area of the display which is optically active.
It is therefore Indesamatrhisdinentse davieg tsh @opuatspoentofubstiage diwplaggously edlovaken

up by the control circui.try. By .placj e control circuitr i thin or on
e Lubst r A0EEBERF (e mffiramitf Rsdsitbr, LGRBR o R biien ] ety

modul at or s, fabihtich. NFadesplEiiniadassicohldton PrdbRing Maipnaf eal Bk YséEFsan t he
control circuitry fromthe display area and provide | arger areas in which to
form the cdioth B coptol Gircpitytipyp seppcopdipctos (5 ge SISO nWhitte #nd/thp gntgrierometric

non- t r apis pah Sikiatcivdsht alssiradvant ageously facilitates wusing illum nation
sources integrated in the interferometric nodul ator array. |ncorporating

i | lum nation souneetrii embedimenisphayingar nonrgtansparenbspbitatecadvantagagustyaveegsesethe ousl y
been described- Fo exanmml e [l nverse-t interferonetrjc..nodul ators,
Che i | Lo i B Dlch R o ab sl AUGY Rt R MG TRl i it he

i ncor por at edntrdl didesitry ntiehid drecimeifeiomertiocubdulxsrs.t Fop imsrfdd@néttit wisdolaiorsowith f r om
the display. However, a trapnsparent. substrate woul d provjde a pathway_ for
light from9%R! ‘i"F‘I“Hl’ﬁ“}?é??’dﬂe %H%%f%wetg‘acaﬁe e M <ol PRI GSEhf he
bri ght ngss rﬁ&du}ahﬁ%]ﬂglﬁ,ﬂhéﬁ’by UeRtifEiht alel of BIBRALIRALHE is dplicdI§ Astived 109 Hetc@ile OF
the substrate is highly reflective to reduce the loss of ‘light fromthe

i |1 umi nat i olesizblerte sedues e gertiomaf the isplay prea takemup by e cprifoh coeritai Bepleeing an

alternative,] ezt URE WihEr HErQMale Lihsimd Ul r St u r med
using a re]ﬁr]éezzbzéﬁt\;/(g glu‘%sﬁr ate. FlG Zkasgﬁgnate?%gltF@ ({ppig%s%o?nftog%%a%gt gr
exenpl ary inwesfersetsit ypeiulaiirs cétio mpbediment descabedr he?dd @dvantagdviulp retheve the

substrate 2c%0t2 i s+ hi gl eflective. .  The mechanical/mr or fc!n%yt% cgn%rlo? of
Fle 208 i SopEMatY o e P e PSR P PSR
25  circuitry.

In certain embodiménts, having a non-transparent substrate advantageously facilitates
using illumination sources integrated in the interferometric modulator array. Incorporating
illumination sources into an interferometric modulator array have previously been described. For
example, for inverse-type interferometric modulators, the illumination source (e.g., organic light-

30  emiiting diodes) can be incorporated in the interferometric modulator to provide illumination
from the display. However, a transparent substrate would provide a pathway for light from the
illumination source to escape without contributing to the brightness of the display. In certain
embodiments, at least a portion of the substrate is highly reflective to reduce the loss of light

from the illurnination source through the substrate.
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5 For exanple, in certain enbodi nents, the nechanical/mrror |ayer 2210
conprises a thin chromumlayer for partially transmtting and refl ecting
light and a transparent I TO |l ayer for application of an appropriate voltage
to actuate the interferonetric nodul ator 2200. The substrate 2202 of FIG
22B is highly relnlwdaipn gmboditicnisrapediemativg igtezseityprainigrferwhletict medulatan stresterai n

enbodi nent s he interferopetric. .modul ato 200 further conprises a

passi vat i onéafl%flg(fm’f ﬁ%anreﬁ%tnf haubsl; %t@g}t %2%%3??“5:3‘%}'0@3%#% P“‘?%Exeﬂp e
passi vat i oninbaseetipe? ditetfercaittticomoiidAteC2I00Gn lvahijehr the 20tal 2200 6s Bighigl uefldRfive2 204.
In certain enbodinents, the conductor 2204 conprises a transparent |ITO

| ayer, whi |'Bhej mechapealimimrosiipger 22HhefdkTRe R¢l Is paniallydrasrarest anbpmtially fpflscies o
metal wisth g, Hasslyd cQhid 24B5dimARE, VAL | RihHical/BSrdiMafdf ?119%5{ ersnp%ﬂéat or
2200 by applying appropriate voltages to the mechanitcal /m rrorp ayer 2210
and t o t he chomduotlayer 2a0phartmbly dsinsriiging Sindeefteatings Aght mnd paranbayeat IR lger ok at i ve

h b 2202 h ' h [ f ' '
{ner obet wecltPraiok & i OEPALY ‘BlBBclongatl uB BecBinmittopeBuya’ rab ghY,

reflective sabdrafCI202%f 8RG.1N2B is hizhiyoeBécyive eld R64eOhs a AGtiGRSE feNB@6t. ahQ¥ain DY
way of decoupling the interferonetric npdul ator's optical and
el ect r omec Hawogigienisethe teriermetriq ModulaterA 200 BrbheiiromiRees 2 Rapdvatipy layy 2222 on

conf i guiAt | R0 BLRELH08 Necondiidio? B8 dnthEpataPition BORD46S Qhd Zafszcm?nﬁgmdjzsggﬁf e

| ayer 2206 on the opposite side of the reflective nechani cal ror
from t he t rthospanden 220#.cln eytainenibodianedd] e cambictioh @204oepmprisks agtfansaeent B2 i cal

path of light interacti LEh the.interferonmetri dul at.or. Accerdingly,
unli ke w t%aye&t H}élre i'h eerpa e\ré\ll(%lﬁ%te (i %d'%%fjlté or H;Fé:é)lr gczr;llgl) ¢ ﬁlgnsr?ﬁtaefnf%?f)y sed to
manuf act ur epakdvation gt anetuRRM2of the amelidabmétri 2ebdnlasin @200 &l epplying dppiypriate? 206

need not have any particul ar tical ch cteristics, but 25 rather may be
conpri sed 0‘1‘3% Quithea Meehamica f?]aY"ﬁ %ﬁt and, e drmdntE 2¢¢e meveRdBin i n

the selgctipanMicalfBlireri1ded 20RER 1O MRKR subifrateS1PD3! thatsy 2hAdng HeiR M the 2206
and conductor 2204 advant ageously provide inprovenents in one or nore

attribut es apfical ravibhtherebetweeret lp cceriialather cimbotlimentsdihegednductaro?20n | inihighty t o,
size. PhYSIERloyvditlidBddal the sRlibRRMERecgie! Nt [exibi fity, cost,

manuf acturing tinme/resources, an el ectronmechani cal performance. For
exanpl e, in certAd desgivbddbaventysway biedeoipding ditccein@ZO@metridi médaiataris@pB@DGndand/ or

conduct or 2204 can conpri.se opagque terjals that have superior trugtural
o opor {1 es SEIOPrpA) PEHATEPG S SR SHEREPI ahe, Batrse Soigprat pces the
i nt er f OB bst@te 2202 Woiduotor CZ0A{ higlidialbdtid fayerF206 0X APdpPosiFRIRIdf MleSrefatfivde

used for the substrate 2202, dielectric 2206 and/or _conductor 2204 which
have a gredpeshaniehapegr 210 Hmm hsyFapsrarep Jiaving swisae LR, and thus puiside cof ithe

materials tata Yemef RRVihRHSHing W tHe iRt BmbiaWinRaul e USSoRfingd), WRRGEkinANd
smal l er -19 conponents in the 1nterferonmetric nodul ator. For exanple, b
usi ng a netaher nieréaromagtac moghdator desighn akes materialy used b Manufaetureghel substrade 2203
Ceduged, | OUMERT 28, Tl EIRE IR el En B Y Ploic i bou P RNARAARER Y
di spl ay2s irsthlaregylbe gemprised bfang saiblesndgial.at es of t hese di spl ays. By using
stronger and m)rlg cg aril(;jl l?aln:n%odiménts, the freedom in the selection of materials used to make the
substrate 2202, dielectric 2206 and conductor 2204 advantageously provide improvements in one
or more attributes of the interferometric modulator, including but not limited to, size, physical
durability, strength, weight, flexibility, cost, manufacturing time/resources, and
30  electromechanical performance. For example, in certain embodiments, the substrate 2202,
dielectric 2206 and/or conductor 2204 can comprise opaque materials that have superior
structural properties relative to the transparent materials required by prior interferometric
modulator configurations. For example, materials can be used for the substrate 2202, dielectric
2206 and/or conductor 2204 which have a greater density and/or Young’s modulus than the

35  transparent materials that were previously required, allowing the use of stronger and smaller
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5 materials for the substrate, the lifetinmes of the displays are

advant ageously increased. In sone enbodinents, substrate 2202, dielectric
2206 and/ or conductor 2204 are conprised of materials having a density
greater than 2.5 g/cnB8, 3.0 g/enB, 3.5 g/cnB, 4.0 g/cnB, 5.0 g/enB, 6.0
g/cnB, or 7.0 g/cnB, and/or having a Young's nodul us of greater than 60
gi gapascal scomponegisype dafpEeromgeTic giadupesc aﬁ%s exgupleyj hyapsangc 4 imetal sgiptrate, the

g1 gapascal sycdnl. of GRBARGAL Sma 0fl. HAR0 ﬁqmtﬁlegroﬁﬁe te;lfgmmegﬁnﬁ%ﬁ,ﬁ#& calNe
substrate Inverse interferonmetric nodul ators ecorrprls

sui tabl e n@taﬂvarﬂgpouslycrbdjmdqgn orhiipnea eonanorr @arsh lfmémtd ratatns of ﬂdatscreaudltslﬂdrylse

Steel | ol i eraeecpioltr A mrdres SLReRoampg: oBY 5k Toukr Sl dSab” °°°

pol y- si |5 Cogateflfl tHeSubstiate it GfetimBOLHABAISPIAR a8 adReltydebhstCinc e AR( In)shme
carbon (e.g. 15 graphite), glass, and % uartz, as well as alloys and
conposi tes abodipents nubEFa? 2, dileqtag £200rmnd/ahenndiqieAzes i cmpewdtoﬁéla@aalgt rate

conpri ses ayfiexi +§t¥%l'e%§} Jiin 95 3ai0%ﬁ%|n: TR e, %'o-%&ﬁ"es 0%,%?;

sufficient fleXibi e us “to-rol S|ng in
whi ch el ecl.® gieind, aod/pchavtngyd (feung s, madulus of jgteatet tham 60 gigapascals, 86 |g@apaseals 80

capaci t ors) arefor d .on st.rate Vi a i t.ion o

capact {01 ).sel ool WOt SWOShhRkees So¥ Limmbarhetil bl suty 2o
can be foabr%%‘@agagisacross | arge areas (e.g. one neter or rmre in |length) and
are conpatible for subsequent fabrication of large interferonetric

nodul at or di spl alps. substrats e inyess dnigrerpmettin anodulalosy may be cemprised ghauresuipblet i c

substrat e whiGhh | iRGLHAE SpauP ARG BlaleRhISd Sﬁitz{b@éléutb Jﬁgégn rg,nélg' %ﬁﬁétﬁlt

such enbodi nents, the paSS| vated printed circuit boar ricated to
i ncl ude t heare uteémn@dl ta imrednls ersy stainlags steil, nhlmmlm)pamdles‘smﬁglsmlmmée gsedlicon

fabricate th er5 nt? s] 1‘r:oq]mei hé:s rrgrdul at orlsm625 yﬂég% I rnot e Y
circuit boar s R B8 ent s & Faﬁe%us sep t)e a‘tll’*lé' &
circuitry f gai;ihite)atglaﬁm afuﬂ Qartz) as mneisfaxﬂb;mmtdr tampmd:uloatsodsh fmaferiale.atlh @drtaid he

substrate may al so e a | am nate of )| ur I|ty of substrate
mterial s, SPEOEERS i ke hnﬁg? YRstiegTompEFest ¢ ekt Eﬁ lastip g mastal fg|l anatepial) Bgi p) e

substrate nRysuaRNRE i sifficknt AEALINEL B beOtiseiRSHICtofl or Abébh QR s inl Which ed
to the thickness ranges recited herein, the substrate have t hi ckness

of about 0. eiecﬁpmp Chgiter (c3p thig-THmgmpsigom, W?lﬁtpisn@ﬂpéﬁ*mf%ﬁﬁ qdl cpwté# sybattty from
about 0.3 t .2 can
; . )’/ s ﬁa"t{sn%oﬂ omghtﬂ}gzagﬂ} lel:ﬁrﬂ@k%h In cé%t Ermu& Hﬁen?suﬁl% cfr@lxl .

be obtalne t1on ravvln , stretching a
sheet o0 naimlbe dabgicated adrons dargharass (egaste weter oh teort: on mgé) and arhwnmpzrt;b}e fbhe

substrate | Snlh=her8hlafioh WS IPARLE S S ADLBLLE: DR OReLLY RSSLYELGE,

vari ous pro i Ve passivatl on

of an opaquabsidiasit aAtopaqub rplas%sweurdtawmlcﬁﬁh@@ﬂemrﬁass;vafeﬁrpnn&g diﬂ&ﬁht IBO:ﬁ'BI @t i on

| ayer prepares the substrate for sub;e quent, - 20 pr.ocessing ( F formation
O,

of the condGEHBFUTCRRIRERT g PRsalyalpy Priftro e&%%owde%aaﬁwﬁetgd rinclyge; they 5

met al  SubStdegted chrduith G8d thilBInPASSsMAL daABe LRMEE £BHQYE tﬂsﬁlt&teﬁ&ﬁe&ﬁ&ﬁ&dmﬁ&é ation
to keep other structures fromshorting to the nmetal substrate.

pr ot ect3Sve quetbepassivateshprinigfeqircpis beprdotertsan such embplimante aql‘ayfegeouﬂmep@m: the
formed on tc?x@uz% fm}ﬁat%aﬂ&ﬁ the! Hﬁéffeﬂ}nﬁat&y mB&tﬁLtha@ﬁEanRasﬁl sﬁf)gtﬁ{l may also

comprise a laminate of a plurality of substrate materials. The substrate may be rigid or flexible.

For example, a flexible substrate may comprise a thin metal or plastic foil. Although not limited

to the thickness ranges recited herein, the substrate may have a thickness of about (.1 millimeter

30  to about 1.0 millimeter, and more preferably from about 0.3 millimeter to about 0.7 millimeter.

A thin opaque substrate can be obtained by metal forming operations such as drawing (e.g.,
stretching a sheet of metal over or through at least one die to make it thinner).

The substrate is preferably impermeable to moisture and properly passivated. In various

embodiments, a protective passivation layer is formed on a surface of an opaque substrate. In

35 certain embodiments, forming the passivation layer prepares the substrate for subsequent
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5 treatnment. The passivation treatnent of certain enbodi nents includes, but
is not limted to, renoval of exogenous iron or iron conpounds froma

surface by nmeans of a chemical dissolution, nost typically by a treatnent
with an acid solution that will renmove the surface contam nation, but wll

not signi f i RAEEFEIIRE Eergclormation of gheygendueipis of diglsctrie dwier).  BueeKainremhodisepts in

i ncl ude cheg: ¢ 0L ;<0 o_%%ﬁg . g £ . 3y 0 i such
as a nitri %@?g n}f% g‘%)b%t% gn ,Se ’gl}c eﬁgi&’? Eagglteﬁ rg#ﬁ%s\rl?%%rtl}éclglnlga l!tltﬁ)e"qé ;])(g%?@?leerous
formati on oftruetups Goecsthortiag pathei mailisobstrafeaylde prdtevtise dassivation lhyee ngalsst babi on

step can include oxide, deppsi.tion and spi,n coating of an rganic . .

ol ahar | at [ SRR OFh G FrnEy o8 Wb e sPas bt B e R Rutasstation
modul at & S tecafindaR MThé passRMYonStidatradhh @f cOlie EinBddikEMhciubed BEt Rrdot lifited 1AS a
netal oxide (e.g., alum numoxide or silicon dioxide), silicon_ 15 nitride,
and the Ii krelznoxg of cOREMIBY IrgB RFelron empRuatiedropy 8 Jugfpesr bpfmesRs jof vie chemical

i nterferonet.l .G : } i

characteri s‘%llgsl(g%n&;ﬁﬁlsﬁ fscattl‘sﬁggsa? %Eﬁygftﬂ%sﬁggﬁ%&ngmﬁ%gﬁlira (l'éveotg] °f wgace

di el ectri c doatgminatiam bot wilhesesigtilicanfly iaffecteh¢ bpaget sulistrate atselfr uel trieg@mentk-or

exanple, th ielectric. layer. can be ¢ i sed of. non-transparent .(e..qg.,
opaque, hi g‘ﬂ?ﬁﬁ}‘g"r ‘g'FPéCé{ {r?i’é‘f]e%r()f af'rogﬁ‘gﬂetfggsl%{e% ?i"&lldg‘j’x“il%gtsu‘%gi'ﬂ ?i"’r%‘% acid

ot herw ge h@utibh,| foz 6@ pufposd BEEntandisy RrPoMidebis fRdtloAl dra PiOtedBel BhBGvatibi
addition, the dielectric layer in an inverse interferonetric nodul ator can
be subst arte¥eal |1y agdiliencdhe passiation fiep @@tipglede; oxjder deppsitiooandaspin seetiag ehpn i n an
interferomgf L& HhapbPlayerl N Which the dielectric layer effects the optical
performance. A dielectric’ layer of increased thickness can inprove various
aspects of the dihelddeatiic layeryed inyersk nterfernmetfice modwatpisccappdmpeseosny sutekdd as
el ectrical properties nuf act urin ts.. A thicker dielectric.layer
can al so gin\gaeter%gﬂ?or?ﬁr%\@g%gh ugﬁl:;sna Iflﬁgf orxar?ggg'o?ﬁu%]f’ 'é]rqxé({éso R ol |1(g)gxlljre tsllhgro'ns, and
manuf actsur i migiderednd abls likd atAscdencribed abibvel iheedelb@ric Mybeof baysese ofterfdi@netric
interferonetrjc nodul atpor on the side of the dielectric |ayer opposite from
the vi owi nguesyfreagsd noh Bive dr B Far RESH FgrigteriHirs 18 RS bR ugpral HSKR et pl o
el ect r ocherhfidtaidifdite didedtRCRMr GuEBe &R0 BptiES s LibcthiRNPlop&tisy Fol BRmple,
conductor on the substrate, followed by deposition of a dielectric [ayer of
enhanced t Hhe Kislesisic lpyer \vap ibs som@rtsd efniaitteansparsst $02-dpeAdee t ghly [reflpetiveg or
inverse i ”ttﬁﬁxélﬁéeﬂm%ﬁﬁ%)”iﬁﬂ%ﬂfdoﬁo? IHRFwiRe bOWAKRAGSE oter HibRirSihed i HdaARBH! 200
angstrons, 300 angstrons, 400 angstrons, 500 angstrons, 600 angstrons, 700
angst r gifs, ®6@ns. ahysdditens , the Girletrys tayemn, ard 0@ rsanigetieomeiric2@0ulaimgsam bers, or
several th%ugs?a%gal?n&%kérqm%a &1&\‘4&1{? fa érycg%hei sg;[)]gl}lga?erfa)l 1ntal;1iir(%terl¥fl:)rgxyllet%¥:0r0§ l%an be
manuf act ur ed 1 h various Wways, and can be' applied to Varrous archtedtur es
and conf i gun athichnibe dietectriexXiayepleffects theasptieat tpgfiernianteer Aedida®fi¢c iager @Sincrestod at or s
can be fabrjcated using sem conductor mapyfacturing. technjques, such as -21
phot ol | t hogPSBkY: CRABBEYE Feeus asmgets of e theleelia 1gyer ABeen matog AP or
deposi ti on hGVR) elcstal PperiBl M@ ISanstaellriAS ciRi NA GRalet BR)ectrBSE B alSh@dOW
masking, lift-off processing, and etching (e.g., dry nethods such as plasm
etch ard wemprasemenssin theesengpnfaratesfalss mntflama@mlse@ﬁﬁn@uémn%ws@mlsuh@ cap b4

enmbodi ment Sutﬂ*ge?icfoir Qﬂgr %Eﬁi dt Itﬁé %tgﬁ?&ﬁét}?@ gnoidﬁllatgr §n tﬁ)@gide N?'theGdIQl%grig ‘?IJyer

opposite from the viewing surface, including the substrate and the conductor. For example,

electrochemical plating techniques could be used to manufacture the conductor on the substrate,

followed by deposition of a dielectric layer of enhanced thickness. In various embodiments, the

30  dielectric layer of inverse interferometric modulators has a thickness of greater than about 200

angstroms, 300 angstroms, 400 angstroms, 500 angstroms, 600 angstroms, 700 angstroms, 800
angstroms, 900 angstroms, 1000 angstroms, 2000 angstroms, or several thousand angstroms.

Inverse type interferometric modulators can be manufactured in various ways, and can be

applied to various architectures and configurations. For example, inverse-type interferometric

35  modulators can be fabricated using semiconductor manufacturing techniques, such as
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5 I n one enbodi nent, an inverse-type interferonetric nodul ator, such as that
showmn in Fig. 22A, is made by formng a protective passivation |ayer 2222
on opaque substrate 2202, and then form ng a conductor 2204 by deposition
of electrode materi al and subsequent patterning and etching. The conductor
mat erial i sphotlithoeraple deprsitin (e-&oipr | mehedy juchiss chastieal enoe Aepabitipm VYD) avd t he
art, such ... Qr |+ deC t he
Gesi rod 10" BRR sul ston R AR WekRly NRURY oS0 HERT beBRDRE A IBKE ' (e
conduct or afeg., sl stettmile suchossprlaserw @chpandnvetdmethadsyi Exdnmyglesdos shifteblelitechmiqiiesi C

chen cal - vaPEPeHEG DR EREHCUL S bR pagp o et ERR Hiral N S EERR

shown), snhi ch | Sinf SRRRYDEdikiint2 ah dvefse-Bfpe NhtederdieBic noduRPORLR 8¢ thatl Bwn in
sacrifici al eéAt, may be any suitable material known in the art including,
&,

but not | i r¥ig m3§ | by Heramingy PT§ICF‘i“@dﬁSSl‘tatlwgl§V‘ér?zz%@n amsqeq subsifatpd20Amnét ch
stop is prg &[ %%%ﬁg%muaﬂr 3708 b?ﬁeﬁo's'&ﬂof&caéchb&é terka®y %@H&%@Pmﬁ@ anf

mat eri al re resistant to a later etching ste
sacrifici aI etthange rThe @omdiuntay misterial inehdictifeamgl. may doimpasy anmsmaabhtrmmrmi kigininver |

chrom un, dleletrlc mat.eri al era a net al xi e(e. : n.

o U i oxBEId S Bng BRHler SaPPEBRhataEh g Rhigmh pard. nohisf sihe Fered
sacri fi@ al conddavity GuclPad in@iufean aRide)e tﬁxhﬁiﬂjebﬁhmﬂm%nféaﬁﬂé d‘oﬁddcw& Ahd Bebsfrate St
support posts 2208, followed b Ti;tl onal (gl anarization,

mechani cal /$PmPFiss a pugfed cisepit §oard. %Hl#%&ﬂﬁ@&ﬂ ip theafouned; anrihg f@ﬂp‘é%e?&%yy
optional pl e i er
Ry compr | <l B R (V) el o, £ et bt ffer (Y

cal ci um f| whpweewhish is lsmbmdrlata éat@n:tMgcstcpals dpptsiddd. |’fa1efsaduﬁac@u131meramyd:leunjr num

silver, or a nunber .or ned hundr ed
angetrone. SHCHRER KPR e odpeidh B 58 i iRl 5 Spnep B

resi stilse 2Afarfhin, pAntetchstopeﬁprcfpraBJydlsm topiof thel aacﬁfiqialrtigtegrwmdh rkz@dwrh ramhams ed
inthe art. Optionally, an insulator nd/ or }ﬂ:fi |on enhancenent, film

such as metBt ILRPEAESSIR (9 IpiGT FHElUnE 6P & i“b‘ﬁ “éﬁtsa‘b" ayen pRPeE R de-8F t he

mechani cal / 4idikf) atrdeh, R0 chrbRAU)ES dmiia@ﬁfc'xﬁdt&laﬂ'préf@fmg al etsl@RARI (.8 an
patterned, and etched to formthe second support posts 2212 (foll ovved by

optional plAHRARE Axidsh)or any eothesshitablec maerialoknomayiartho 2t Thehsasrficiglylayesripr i se
Cr or 30 AP 1SiLd 2R &cﬂzatu%%almigﬂce%rmhr: st Rl foor ep'g;stg%@@ss 'f&ﬁ)qveg%g dpllGnal

transparent” layer 2216 Is deposited thereon. he above rrcation,

et chi ng20ni tpilgnafigatiomx dilp | neechadglmirer dmd@%ﬂbd then foamed, by tdbgsitiendfallbwed by
ayers. el by HGRRMARLC ln SN SRutlinEs 998 m RARLYRLERANS ABOURAD, e
art, such a¥ P sed ace"o C?Cfayl on t%yekéln—af. “RHSther
exarrpl e of silieoh nmedesﬁh(tcmmmxidatmgnenmﬁemme amuim Diorids ashaiditritdor-vkich HA.  As
35 with the e %ﬂé'rnenbﬁgovm in FIG 5, electrode 602 fapricated an

substrate 6BERI apnygen. salyer, QN PR OF 06 RS b OER) 9 (FF BideedssBiH!

i nsul ati ng Hunhed GR&toTBE TheeahteAtle BR%ei &lddica PRS@on QPRASI bRpiha, hdiihvag
surface and functions only as an el ectrode, not also as a mrror. Unlike the

enbodi n@nt TEORSHHIS- et Pndscarsincludesiny matesiel knowgead Bw6 instlip pior Optiggatbs #b insWalom r r or
608 is. Pfolr RAEGioh enficeeAdRR, B¥%n b GeiBit2RFOI LA 608. In this way,

t he armunt I nactive area IS
An etch stop may be formed on top of the mechanical/mirror layer 2210. Another

sacrificial layer is deposited, patterned, and etched to form the second support posts 2212
(followed by optional planarization). The metallic mirror layer 2214, which may comprise Cr or
30  any suitable material known in the art, is deposited and the transparent layer 2216 is deposited
thereon. After the above fabrication, etching with, for example, XeF, is conducted to remove the
sacrificial layers. XeF, is a convenient source of F, gas. Other etchants known in the art, such as

F,, may be used in place of or in addition to XeF,.
Another example of an inverse-type interferometric modulator is shown in FIG. 6A. As

35  with the embodiment shown in FIG. 5, electrode 602 fabricated on substrate 600 is electrically
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5 effectively reduced, because the viewer 614 sees only the area covered by
the nmenbrane/mrror 608 and the m ni nrum space between adj oi ni ng
interferonetric nodulators. This is unlike the structure in FIG 5, where
t he nenbrane supports are visible and constitute, froma color standpoint,

inactive and inaccurate area, FIG 6A il lustrates th% structure in_the
un- act uat edsdptgd drom msmEne/mitRs 8 e maylating, tilgh 804- s Tihp elestipdsce02ys tdisposed

secondary mgobhQle theldewitbdthck anFHRARLS Sy BY anlQediloBNSBRLIENs SHREF. UdiiEtHdr €
610. FIG 6B reveals the sane structure in the actuated state, i n which

menbr ane/ ni emding®B shawn imddGabde dunponasitstuien S0 soppogingi MmemBEde/ miatoe i0Bode
602, and substrat . : i.c confiqurat.ion is

i I'lustrated® %’P ’ﬁleusg‘%?ﬁfdg%d %n@é%‘arenr%ﬁﬁr’%%@’ ;ﬁ?%%n%(}gﬁgggw’st erﬂrclchualrgeﬂn h‘l"esar e8] gn
IS simlar éftecivety cbhaad) becaukt he vRRaker 6 MaeesSonh3the QR4 covidiat byd®s ingimbrang@hired upon
an opaque plastic menbrane that is anisotropically stressed so that it
natural |y r¥%addhe THUPH PGy ewegﬁ%eing/xﬂgffﬁea'ﬁ ’Brfn?ﬁ“?aéor%ﬁhﬂsa’éél“#‘k"afhtsens
the menbr angnb@rePhoMicls, avMeMee RASRHare! ﬁb%ortsszﬂé'tvris%]e ahd QoAlBML G0t a color
functionality may be inproved by rrak:Fgg It interferometric. The

i nt er f er onestandpointpiiedtive ard paachrateiasgd. FIG.SAcilpstiates FeGtructue inghe peadtiates statd, m
stack 704 i . ke i i LOr [ . ack- which | e
basi s for tHevleabiunethioPad s ih SR EhB scdoBBity Bty BB e b

di scussHU i tankpafent f@trstriNture 6100 40GOGT revéudythe Samiel stctofe imthe atthagbsthetinvehich

al um num nenbrane 702 and stack .704 in certaj odi causes t
menbr ane 70‘2""?‘&1“?7’5’@?%@’%6%3 E"f“?‘?‘f‘ééss‘f’sé’@i??‘g%ﬁ? ?ﬁ@?%ﬁ?ﬁ?g@i%ﬁs“ﬁﬁm@ ain
enbodi ment's, al ugimENYARREBhANE AR Ric d&ﬁﬁ%@atﬁﬁlﬂ Alustk 864 fob Géeliel @n GhtB@¢rometric
reflective metals (silver, copper, nickel), dielectrics, or organic

mat eri al s wepdHrTsectieckhisdrsien sodmiar iopreshawp &t Ve Paty o 503084  That design
deposi t ed 0Ryié pBh th HAGHC flds6t memb%ﬁg{hal(ig isotOBANy ek d @ iy ARYalR Gesides

rel eased, using wet or gas ase rel eas i ques. um num nmenbr ane
702 i s Fur tihercurisicitwa iApalidagion eCavadidge flastensibe swinbtanateeprddde HYIEM Ssbgegrblight t ab
716, which is, deposited directly on optical stack 704. Because of this,

| i ght that sihgttfﬁr‘nci dent on the area where the tab and the stack overlap is

absorbed maki ngriehievidese imetiaralilyy mapabd iimproadde dyopkkiag! it Vinterfatinktvie. Tae wel | .
This technique elimnates the, 30 need fo epar at e. bl ack k.ip this and
ot her int e_r‘ﬂtﬁffﬁ'ﬁﬁ‘f’tt"icd“qﬁlﬂﬁm JPop dsga n h&'c@?’t °FP ‘gﬂ‘bé}ﬂ’i %g?’ 415 ﬂlﬁ ent

li ght 706 i@el&ithd @ndsc@ilstlafr ¥tadb $8ich §dthebads Bl thé Glab@t abldred WRBEfoRtrib | ght
708 is reflected depending on the spacing of the |ayers of the stack. The

opt i cal20 bemnedmagnr dpsign discussechigU- 8 Pat. No- 6. d absorber interferometric
modul at or descr '}ﬁﬁ)ﬂcﬂtﬂ WS v bdiReen eﬁmgﬁ]igmgrﬁg brafge> 762 g’ld ﬁ%k%gvﬁ ckfifin .

devi ce confi guration en no r\%ﬁtage is applied. e resi stresses in
t he menbr ananblizneniy cames the mewmhirod 70Pntlis flahapamet the stack. Duribg fapridati¢roingettaight | y

wound coil. The resjidual stresses.can.be | rted by depgsition of .a thin
ayor of mmpan B R FRSE0E S ColiTRE e PYpRERi: BReB kB oh o
has ext r emedoppdn) iitkeDditldetdds, beagadie maletigls svhicEhatebdemunderevaed Wit xanflbeive N
whi ch hi gh stresses pay be _achi e¥ed with a filmthi ckness as | ow as several
hundr ed?>  metal, 1s deposited on a thin sacrificial layer (not shown} so that it may be released, using wet

etch or gas phase release techniques. Aluminum membrane 702 is further mechanically secured

to the substrate 700 by a support tab 716, which is deposited directly on optical stack 704.

Because of this, light that is incident on the area where the tab and the stack overlap is absorbed

making this mechanically inactive area optically inactive as well. This technique eliminates the

30  need for a separate black mask in this and other interferometric modulator designs.
In certain embodiments, incident light 706 is either completely absorbed or a particular
frequency of light 708 is reflected depending on the spacing of the layers of the stack. The optical
behavior is like that of the induced absorber interferometric modulator described in U.S. Pat. No.

6,040,937,
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angstroms. Wth the nenbrane 702 no | onger obstructing its path, Iight beam
706 is allowed to pass through the stack 704 (shown in FIG 7A). The |ight

beam 712 then intersects with plate 710. Plate 710 can reside in a state of
bei ng either highly absorbin in which case light beam 712 is absorbed, or
highl'y reflecti vBQ 8B skovsdhe eyigk senfigniation whenaioi vOB3ge i$ applitr. The taidenl blragbes beam

712 is 10 ref ect t. sed |n

di splay, t he to Flglgfjxe E%%E{Pgmﬁﬁ‘agﬁ%?s 1%&%% ?tgtﬁg g SR e ktllﬁ}t“ y ‘\7\%““8 C{"Xe”‘aew ce
i s actuat edr,esmlial ymd;e@lcmliehﬁnparteﬂfblyele]bosmopafﬁ thirager oemlataﬁal(ms (¢hbwdk &n Fig TA)Wer e
absor bi ng) or be bso f _pl 710 rer ect R t ati onal

Act uati on AZ SRS "E’Fa@g 7@%""%3??18’?"“?’#?{3'3?@9?6‘ I“’l"&‘ SRR SRRy
relies on r&ﬁﬁ%le%‘%wh Lgh@ﬁ&gd@tm@rbe bR Withey ﬁﬁﬁﬁi&k&%ﬁs%@%@%@ﬁl glingeyssed
in US. Pat. el ectrode 802, an alum numfilm about 1000

angstrons t4mgatiomsg Wethi thesmerabrane B3grodpnrger eltsiricting dld path, ki beamn 7G5 ig@lowedpppor t

post 808 an I h of
reflecting &FJ {ﬂ}o%gfé%% fack 7E9§sh§~$12p05| tgés Tﬁyhéggﬁ%ﬁusﬁg?&t%ecgm@eﬁ%%

al um num f i T2 Bilte G0 ¢ rmen alstatetohbnmgamﬂieﬁngﬂjz steombirighin GHhichlchs 1ighivbedinTe@RISi ONs
could be on_the order sever imd e 0. m.crons ., may

be interf erdARPHY oérl?f?%hergﬁﬁﬁéﬁa’tf 8 Pﬁlélfl?lgrccto 9 F PRGN ) %F%hg{,ggﬁ%l 3

i nt er f efeMBefiéctedSt1 AP or the nidaBlafop foBesedin alrmwﬁmhlgmom@@pndal fakthakoslgser i bed
in US. Pat. No. 6,040,937 would suffice, The filns may al so conprise

pol yners i rAesignad sueht thate Whesy the fleyiasriy actuagnd, it weuld either refleckd paviqwianceler @i mlater t o
provi de brog g%%dabé&ﬂlh%'bé’ﬁbsm—%"g gﬁa?et ﬁﬂﬁj\?erg%ﬁe&ﬂq the Y shutter 812 of

certain enbodi nents ar esl gne that t catl on of a voltage
(e.g., 10 RiatiodltAsJuabiet veen the two causes the shutter 812 to experience

partial or full otatlon t he hj 818
e shown 1 a r dhorRinat ERE 4 RS ederBark ro by ke dndoriearghtod o
gi ven pisxelacitationd Ubiag dieiexaplary ptttbssendideyissad Bi |98 alPat. b, 6J080, 837 BBdrode 802, an
el ectrode 804. Such a hlghéjer woul d EXEEI‘I ence a form of el ectronechani cal

hyst er esi s Alymipyra fim Abeut MGSERPT Befe- LRI RT bRE I eRbE MW hat

the electr rt GosBBOS Af foRflofd hinde 380 SGIpbR IRftePY S, GRSEhINE s3CofSRfidH
t ensi on of Oﬁllt’;g; h?%sge at sgmeo o] n? during the reot at'i gn The shu?ters g‘i)ul d

t hus have tfilms 843 beg be@nréewamdcafm Fuppeth phustes may &g an alyminumy S whichi iy seveplle of
operati on, h&%@%&l&%&&s"%ﬁvﬁ qts@t Wﬁﬁaﬁﬁioﬂgﬁdl@ﬁé gx? me o!n!leg Wt]teﬂg to. s@lulr bérlal ght

pass throug ustrates the reflective node ere |nC|
822 is 20r efmlewnedl'lbeﬁ:lkmtmnyt flreemtqrfemretr&zzmd depighddi ® mﬂe:tepalamian wlmel\ dixed €,
t he shutter. 2 eit ack ef lh cft

netal | i zed, “tS er?@f“l"ﬁc <3 par? fﬁ? "\ggfegrabf)orger lfkc tPat f’%&% *"fbstBJPZt INSO

coated withs 0401997 vetild RBffice. Thé lﬁlm@mw al§y @marsepolﬁem afesd aith ¢elot pipnkils o6 eS
and resulting colors for an interfergnetric stack are_also described in

U.S. Pat. NBY Banhp apgymun gr pifyer iy FRgY 198 agagban et Tha elosyieds $05 g b

through t hehshBi£bt &kgin cMbBHiRichd af:eademg@edashapfhwe hlsbhémﬁtotf atven&’g@Qe g
surface of the substrate 800 is coate an absorbing filmor fiinms (not

shown) .25Thevwlis)ibietwesn the v causes the shutter 812 to experience partial or full rotatlon about the axis

of the hinge 810. Only shutter 818 is shown in a rotated state although typically all of the shutters

for a given pixel would be driven in unison by a signal on the common bus electrode 804. Such a

shutter would experience a form of electromechanical hysteresis if the hinges and electrode

distances were designed such that the electrostatic attraction of the electrodes overcomes the

30  spring tension of the hinge at some point during the rotation. The shutters would thus have two

electromechanically stable states.
In a transmissive mode of operation, the shutter would either block incident light or
allow it to pass through. FIG. 8A illustrates the reflective mode where incident light 822 is

reflected back to the viewer 820. In this mode, and in one state, the shutter 812 either reflects a

35  white light if the shutter 812 is metallized, or reflects a particular color or set of colors if it is

24-



5 conprise another pignment infused organic film or an induced absorber
stack designed to be absorbing. Conversely, the shutters 812 may be highly
absorbing (e.g., black), and a surface of the substrate 800 may be coated
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25  modulator. In step 1, substrate 830 has been coated with electrode 834 and insulator 832. Typical
electrode and insulator matenals are aluminum and silicon dioxide, each of a thickness of one
thousand angstroms each. These are patterned in step 2. Sacrificial spacer 836, a material such as
silicon several microns in thickness, has been deposited and patterned in step 3 and coated with
post/hinge/shutter material 838 in step 4. This could be an aluminum alloy or titanium/tungsten
30  alloy about 1000 angstroms thick. In step 5, material 838 has been patterned to form bus
electrode 844, support post 840, and shutter 842. Shutter reflector 846 has been deposited and
patterned in step 6. In step 7, the sacrificial spacer has been etched away yielding the completed

structure. Step 7 also reveals a top view of the structure showing detail of the hinge comprising

support posts 848, torsion arm 850, and shutter 852.
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el ectronics and logic functions can be inplenmented using switch el enents
based on MEMS. FIGS. 9A through 9E illustrate the concept of certain
enbodi ments. FIG 9A is a diagramof a basic switch building block with an
i nput 900 naking a connection to output 904 by application of a control
si gnal 902. Switehingdddements st r at es how a row driver could be inplenented. 10
The row driver f LR gﬂggg i el S e ut put
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the -26 sub ?%?%%02%]% e illustrated in FIGS. 106 10H FIGS. 1CE and | OG
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perspectives,. while FICGS. 10F and 104 depi top . views. In step 3, the
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Step 1 is shown in FIGS. 10A and 10B, which show a side view and top view,

respectively, of the initial stage. Arrow 1004 indicates the direction of the perspective of the side

view. Substrate 1000 has had sacrificial spacer 1002, a silicon layer approximately 2000
angstroms thick, deposited and patterned on its surface. In step 2, shown in FIGS. 10C and 10D

30 (viewed from the same perspective as FIGS. 10A and 10B), a structural material, an aluminum
alloy several microns thick, has been deposited and patterned to form source beam 1010, drain
structure 1008, and gate structure 1006. Several hundred angstroms of a non-corroding metal

such as gold, iridium or platinum may be plated onto the structural material at this point to
maintain low contact resistance through the life of the switch. Notch 1012 has been etched in

35 source beam 1010 to facilitate the movement of the beam in a plane parallel to that of the
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shown in FIG |10H voltage source 1017 applies a voltage between the source
beam 1010 and the gate structure 1006 (shown in FIG 10D), and the source
beam 1010 is deflected towards gate 1006 until it cones into contact with
the drain 1008, thereby establishing electrical contact between the source
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25  these switches.

Multidimensional Photonic Structures

In general, interferometric modulators feature eclements that have useful optical
properties and are movable by actuation means with respect to themselves or other electrical,
mechanical or optical elements.

30 Assemblies of thin films to produce interferometric stacks are a subset of a larger class of
structures that we shall refer to as multidimensional photonic structures. Broadly, we define a
photonic structure as one that has the ability to modify the propagation of electromagnetic waves
due to the geometry and associated changes in the refractive index of the structure. Such
structures have a dimensional aspect because they interact with light primarily along one or more

35  axes. Structures that are multidimensional have also been referred to as photonic bandgap
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silicon and silicon dioxide each a quarter wave thick, have been fabricated
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film stack, excéj@bnqat;d op psubsirath & 100 glgesris enerpopschility shquely therprage manyzppheirs), the
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considered photonic structures in the broad sense.

A more traditional PBG is shown in FIG. 11B. Columnar array 1106, fabricated on
substrate 1104, presents a periodic variation in refractive index in both the X and Y directions.
Electromagnetic radiation propagating through this medium is most significantly affected if it is

30  propagating within the XY plane, indicated by orientation symbol 1103.

Because of its periodic nature, the array of FIG. 11B shares attributes with a one-
dimensional thin film stack, except for its higher-order dimensionality. The array is periodic in
the sense that along some axis through the array, within the XY plane, the index of refraction
varies between that of the column material and that of the surrounding material, which is usually

35  air. Appropriate design of this array, utilizing variations on the same principles applied to the
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gquarter wavelength in dianeter), or it may be of a different materi al
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1 T ust r i oden sy Gy Shy Shficd INEIRk Prorchid G R LR R R bhlot @ ' <

fabri cabedabn substrate 1200 acts on radi ation propagating in t he XY, YZ,
and XZ -29 planes. A varie of opt i onses may be at

appropriate desigh Kipd ?a%é SPFURILTE g%léi'b e‘tst”igothe € paery %grt tf’ﬂ@%i“es

mat eri al s. uidio FabiRatel Gfei resondtor F192 FghWY in RIBIALAY. Fohe:m [eCa Sinple It of s:hcon

t hree-di nensignal |y _here. Defects occur in the form O%IHEOI nts, lines
regions, vaayJsidepcsitethen a plapewbstui 4 Ratiqrhed using copyaati Jeghniquss, r@éﬂd}*‘é‘ i ndex

from the SH&&BQ%%&%&'E%%% braabde @he High aldel én&'@é}ﬁtﬁﬁs F804 vda§e1éhg§1' &9l.$ poi nt

el ement, but my al so | Tnear or a conbination of |inear and pol nt
25 um, the diameter and spacing of the columns could be on the order of 0.5 pm and 0.1 pm,
respectively.

Photonic structures also make it possible to direct radiation under restrictive geometric
constraints. Thus, they are quite useful in applications where it is desirable o redirect and/or
select certain frequencies or bands of frequencies of light when dimensional constraints are very

30  tight. Waveguides channeling light propagating in the XY plane may be fabricated which can
force light o make 90 degree turns in a space less than the wavelength of the light. This can be
accomplished, for example, by creating the column defect in the form of a linear row which can
act as the waveguide.

A three-dimensional structure is illustrated in FIG. 12. Three-dimensional periodic

35 structure 1202 fabricated on substrate 1200 acts on radiation propagating in the XY, YZ, and XZ
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el ements or regions. For exanple, a "linear" or "serpentine" array of point
defects may be fabricated such that it follows an arbitrary

t hree-di nensi onal path through the PBG and acts as a tightly constrained
wavegui de for |ight propagating within it. The defect would generally be

| ocat ed i ntpane=lA saribiytof ppticshesponses nialy de atifaidy sppropiate paigpof dfe sirhdtwrs andat | on.
The rel evant, 10 di rrgnsi ons of thils -,@'ltructu e arﬁ%i | | Psérat ed . in the figure.
The di amet 6F¢IOBLLiHForSimHppisPply Thegyme dediepaiies ApRIY, Bpwevet diey aimPfiedt i on
dependent , hexBiRhsibdafly bl Bae&t benesh the Fbreofl poiS 1B or &EAL | VRNFoiMs G-
apply. Three-dinensional PBGs are nore conplicated to nmake, Conventi onal
neans for lmgpmibichdifiey imsies aidine sefrastive index fromythgiswecrapipg mediugp InFIEs 12,ithe
appliedzin L MEAS i : j At

dopos t o, FRECROMRARAR ol ok AR M UL L LR AOEL R0 D0 |
struct ure. ekeaieniscatregonst Eohenampls af ‘Gmedliior Esempenpea”i ohy coft foirg aelefictemayi bnal
structures .,ncl ude: . ho r.aphi c chni gues, where hot osepsitiyve materi al
i s exposed f?b&cﬁteéj%‘icgﬂﬂ}ﬁgol van & raFye‘b%F%H’E‘eé@mPﬂgal&é@g“ thﬁﬁet ﬁ@éTaB¥ﬁ‘ft§)‘fsa\ ndex
variations tightly BéhsiBAGY Wilegills €drflight! pRpstating @AthinGt. JPHR1 deFedP woiild BeheFalBl be
self-assenmbling materials that rely on innate adhesion_and orientation 20
properties IQFF“ege‘P[cﬁlaHY dut poshever o8 thatsaracs) for (Rymopesaele illpstration. Bhe cdegphar or
spheri Ggl Wnhhloh his QRO ale Iy HSRAH fhi BBurel THe MRaniBRE: Qb dhe, RERAis o
approaches that can 1 nvolve the incorporatron of a supgly Bf spherica

st ruct ur es thef PBG e ainppdedelyiapplivgiiamdepemient, howévguihd aforepentionaindesigatrylepame
solidifi ed,e oartigl%nails%)%s it he structures, and can be renoved by dissol ution or
hi gh tenperg‘fure; EBbi nati ons of these approaches; and ot her techniques
known i n the ar (Thre2dirmsipnd] yPRGS @reS elofe assglichley th embirl qloasentioe] asqacifad | y

i nteresting because they are both  |ow tepperature and requjre mnimal, or no
phot ol i t hog?ba'ﬁﬁy{g q"ﬁ-d’g%ﬁyqapfa? or pr-dimepsigil %E‘@reﬁ’rf apRyed in {Fed persBPt OO of a
pol ymeris poiwsRRenythipidi aplic@oR of epRlta! pieRe APRRPSes! & MMRVEXRTMiRL | Nto
a solvent such as carbon disulfide. After spreading the solution onto a
substrat e dimenaipn gii they streghere s Bpbrisption: tscknjquss ek éwldgngc perindicp fuscetimprsioaglonal
arrangenen J kl.l € . r n be
r epeat ed mtﬂn?({mpr?slefntc f“ﬁ%s}%?o &p%b%gﬁgﬂen%i?tl egef/ae}g?%geﬁ h%ilen aE[l);:;e]irgll %d&g@téﬁg% array
may be controdihgeavts\andeepligatds dhiei waye tiththe fmmrivé mdof variepieatin thairtagrialfitselfaise of

conponents _(:m ana .n%m f. the ol r, Introduction .of a nanoneter. sized
ﬁ%ﬁn ?@f“f“%gm orlgg‘rrlcé or %kf?aaseeéb ing matéanals ﬂ:a{:’ lgiﬁ'c(fn innate %%e t

0
colloid co eni con ors ¢ %"v%’dt%én%[ﬁnect of
reduci g t peoppeies ofckeadin ichpolymefiy mitdfitll @ creas anddk lof 8dumhdi ok eptsticuy sinlttures
refractive .index of the poJyner. -30 Defects be introduced via direct
mani pul at i GAOREIhE feporiions fth/ mpffriel; STATHE BRRERHELE AYaL Sam el Sharowtiie oo
focused | ORuRBAGE spHeriadl AfFuGurkd of RoMIdHe® WirdH8Rns TG af BGUIE SusFBkioACthitS BRkcet O
renove or a material in very small selected areas or to alter the optical

properti es selfdifiede organizaselpf siructyves apd gn pergared by clisselutipienr higk tepReragEes c
parti .Cl e b%ming‘&ﬁﬁp fAfest agﬁe‘gpanla)étlﬁr RelrRfuYSERdw HenbBaam t ool , sputters away
material inits pat?‘u. Mat'erial addition og{@urs en the focused ion beamis
passed26hr ough &ovolyaterit eclfressehbly tachmiques ny gpejally untkrestmgtbecayst ey are both
hexat| uori (iioew temperature and require minimal or no photolithography. In general, this technique involves
the dissolution of a polymer, polyphenylquinoine-block-polystyrene (PPQmPSn) is one example,
into a solvent such as carbon disulfide. After spreading the solution onto a substrate and allowing
the solvent to evaporate, a close packed hexagonal arrangement of air filled polymeric spheres
30  results. The process can be repeated multiple times to produce multilayers, and the period of the
array may be controlled by manipulating the number of repeat units of the components (m and n)
of the polymer. Introduction of a nanometer sized colloid comprising metals, oxides, or

semiconductors can have the effect of reducing the period of the array further, as well as

increasing the refractive index of the polymer.
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(for tungsten conductor) or silicon tetrafluoride (for insulating silicon

di oxi de). The gas breaks down, and the constituents are deposited where the
beam contacts the substrate. Atomic force mcroscopy my be used to nove
materials around on a nolecular scale. 10 Another approach involves the use
of a technique tPefectempy breintragucedivigidireeh magipalatieroefethe miaterialron apybberonsscale
described in. i ) Pat . i roach.a i.ngle
m cr oscopi cus'lenl(ggc’%:l rtjg?j%g%ggﬁ%gg wglsbeea]u? & zggrgfé#gé?#lgé{lgé e?rbfl%&?ftg)ﬁ%r mfagé)f' ﬁl?%sto of
subm cron memedd of addnmatsiial gn aeryasmatit seleofed medae ok ad altante sptirat p@pates dfethal
"defects" deposited in this way could. be subsequently oxidized to forma

di o ect ri ¢ T VARG EmRRT SR VpBie AP BT BT Bt 13564 25 1ot 8N E] ng
the techni orReselaSTBERE hoRRPMRs MUY Btbidd $00E pith. SichACRBRLBABSwhdttht he
formof patterns of other nmaterials, on the substrate upon which the PBGis
fabri cat ed fpenpeduion beagis passesthepuglgrpnlaiilemetgl contpiningegae sugh as mpngsten brapduoride
within the ' ' f Mt 1S (e S: [ Ly _r.el BG
pr ocesses ottt Bl (oD APl RBunubE (b inkRll SHICEH hdaf, THE Bhe bl

sel f - assentdoywnajopl tha corestuenth esalepesittd wbae niybedth @ntol tikgaibgaratd. Mdric tfofchie
"grow h" of the PBG iB a Qiuﬁgl Iocagi zeddre iog95 rouqd the seed depending
on the specPFIOFCRAMEY &° BiEd ¢ 0%%‘15‘3? AIQURC PR 8o 'ga}‘f"séab‘attern of defect

"seeds"ipmay be AiofiHCpproadd ihvebePBiR f e B aakdcRAing ditat Wahhbd handefgielhs
created within during the PBG formation process. Thus, the class of devices

known as i rRlestrodspesiiany picht desstibadsinfistpila -Sr Pateho bt otich9eln thizsppipach a
I ncor por at 'S(E')]‘%lct Ql?crésle(%;ﬁ@ Elebtrik | cdn OF I |d Girle r}ﬁfeQ-'a?ﬁentﬂatlvﬁ%ynﬁessI)f Ubldi&Gs | nto

t he nodul at itself. Any kind of photonic structure, ch 1s nherently a

stati ¢ devirewutiomysisgawavietyrod deterigly nachjubstiaes Metel idefgeti’'t depopitedrint thiy way déudd
altering its oxi i t her structures. Simlarl h 1 Crone ni cal
Fabry- Par otorPeRsea ek uc B s Wi htcer afon icn b BRclh BRILRE' C2
one- di n\nsifabiithted hditgrhe Lclpiiquacdaderited abowy. be t uned by altering the cavity

wi dt h el ectrost icalI\F/l. 312 IIZ%G 13 sho two exanpl es of intertagorre}]ric
modul at or desi grid®i HEEPoPysaee fapresyin b JPaH af PpkseRs of) othes ragterypls on fhe
cutaway di agestiic hpo® whith @Rl PB@ iSRbiicafd ST 4@ ruidBIT R tefflate ¥30fle g¥Riatibn BRS
been fabricated with a mcroring resonator 1306 nmounted on the side facing

the subst rdgfests Mt the\RBEglyripeis fospatiognfhiy Sarticplapy relgvan ta PBGeDrpessies 8t t he

substrate L0%naic B G SRR Hinflity ANAGAMP Sork AR CHRL UflAIminONN
techniques. In FIG 13A the interferonetric 35 no Lﬂator I's shown inthe
un-dri \Z@n sheuengior intabif thei ‘geoveth’t ghhe (FR(be ) highdy Wewelizet region eroond iy se@ll and
the substrage, .The microring.is bricate that its i tion averlaps and
Al gne. i ¢ repangne Sn MeCTBGRORS L BRPRERITS b0 wirlh SRt TR BRLBET The
m croring grelutdienid thal PRO® férred adwavniplsewitde sier ddieatk alzated withinFining1thé\.PBG
Cross-section 1305 shows the dinmensions of the. waveguides, which could be
w=l aim  hIOMBUGR FPCSShd t =100 nm In the un-driven state, |ight 1308 5

propagat es undi sfhug, BRG1HssloM\RVIEGUinten ds3RikiferdRdiric i dOMioRthay R G HeB Bldadehed

spectrally blydigpotr}l)o?zgilngtﬂ?e lalrgrgrp %a:[miljjr?)c?fsrimltidimensional photonic structures into the modulator

itself. Any kind of photonic structure, which is inherently a static device, may now be made

dynamic by altering its geometry and/or altering its proximity to other structures. Similarly, the

micromechanical Fabry-Perot filter (shown in FIG. 16), comprising two mirrors which are each
one-dimensional photonic structures, may be tuned by altering the cavity width electrostatically.

30 FIG. 13 shows two examples of interferometric modulator designs incorporating two-

dimensional PBGs. In FIG. 13A, a cutaway diagram 1300 reveals a self-supporting membrane

1304, which has been fabricated with a microring resonator 1306 mounted on the side facing the

substrate 1303. Waveguides 1301 and 1302 lying within the bulk of the substrate 1303 are planar

and parallel, and can be fabricated using known techniques. In FIG. 13A, the interferometric

35  modulator is shown in the un-driven state with a finite airgap (number) between the microring
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Driving the interferonetric nodulator to force the mcroring into intimte
contact with the substrate and wavegui des alters the optical behavior of

t he device- Light propagating in wavegui de 1302 may now couple into the

m croring by the phenonenon of evanescence. The 10 mcroring, if sized
appropriately, acts as an optical resonator coupling a selected frequency
from wavegadde swB@tadtle migredig ndaliricated b thatite pesittbd dv8fldps ahdhaBgns svithhtbewvn | n
FIG 13B, wher ht m1312 is sh r,oaai |nad|rect|on

opposi Lot HETE PELEGRS O T rpiistselri v JOMeRiitrs G dipBu A E e ee bt
devi ce may etiﬁm%:l%e&s&%e@ abf,@qmemy S|, e@ltobs\lﬁcﬁdﬂ' tlzds LRAL MRk CiensRAS tof Gld ar
wavel engt hs out of a wavegui de by the application of a voltage or other
driving neavayeguides gfugh conldths Wiy hehé war prskteldlenn. Ao Bejuntdrinent ate diahtééOS Wi th
the underlyin ) I S188QIBLY rlbed
in the §apé’r gﬁ% ‘ﬁ%}g "tglfa - e”“%%ﬁ%}"'“i”??é%[’é &uboeq %ﬁ pg?%arl 'den eagonat or
Channel Dr apgit 0308Fi [ ter, " | EEE Phot oni cs Technol ogy Letters, voI 11, no.

2, 1999. Another_exanple is illystrated in FIG 13C. In thls case, a pair of
wavegui des 1332 Dfiane ¢ eﬂﬁ%%@ﬂﬂéﬁﬁac pe ﬁart tgrfores the microring fnte animate @ﬂtaﬁth‘@th

substrate i ng@m&@aﬁa Qhveuded WA the RBGeal HagaviBGt the dé"\m':émLﬁéM g}ogsgfaﬂxg

colums, with the wavegui des defined by renoving two rows each
wavegui de) Waaﬂgi!ldehle?{ﬁermnwwounﬂeflmné@ m;crmmgdm thgphwmmcrmlnmﬁwaneﬂi@pcevﬂ"m 1333
provid nor.e det onstruct vequi,des 2 and
Phe r eddnacromaga Vit Rembr il 39 = Lortite oo B BU R Ry B Moot
as wel | as wiegnideal382 useihjechny it dntovadedgaitg tiBODIThis. ib Shawsnin K16. 13133 “dbﬁrrgher and
spaci ng of the _colums could bhe on the order of 0.5 [tin_ an

respect i velb§am 1FHeis i BoghProPagatipgtnct disstien erpesifsy tbp diiertirn A waafe*seam?’% a1 be
supported gRghusbai 4311 sabi dhdelite :ﬁ%]s‘e hdtanshalikqiehsy m&%b@@@m fnht pieky

singl e nodes are to be propagated the i nner surface of the nenbrane 1315
are fabri canaérdulawvtekw @ ot v wayeguida By the applishtédn of peoltdge ot piber diiswsumeans, and

have t *1% Sq‘%@{rgd pc? 11 qurgrrﬁo (?rttm]iat'e (ﬁx?a@?w Eﬂ?eaérﬁllerlﬁlﬁ% w%@e u%g (}Pgtk al ! y

equi val'ént erra t e col urms on e su Onar or and
col ums ar eegai dnbd geometqmml deveriied aache pafeerB. H.Hdtle, etsalg %rtrcelgpdnﬁbmg

pos {1 onad Mitkane Feeian Aipes) BREPPEC 1B TP: B aes ORGP PO RS o,

there is asigote vertical airgap 1312, of at |east several hundred
nanonet ers between the PBG and the membrane 35 col ums, and therefore no

optical interactigReneeEps.is Hhygragdiadte 1BC. bothisase, 7 pair REwreewdet 1382 amh act s
|i ke depect 1830 &m&wﬂoﬁ@mﬁ ‘i‘ﬁn@:ﬁé&’\ﬁﬁﬂe M%P&g}ﬁh%sfoé?gpd BfnrhPPBG. T gs

state the device acts as does the one shown In 13B, and sel ecte
f requenci ess obnifory hmﬂmlmpagaht wgveshldcsgieﬁMgamdengBmous éne igresthed

0L, Y10 588 S BLBIEAS Db R Sk PR RS B T
contact w tdbtail bﬁthE’B&strhﬂibﬁ‘éﬁﬁvave@hlaéseB% bRl 1339J anm& eddvh@of 1924 BisRRGSM fare
altering | tdscpeg(?eﬁ?\c{rll 812. wa-\lr-e sngt e(];felgtgést%fs “}elril eas }’n?ltsegglg%soel;i I?'Jrea vsalvlelgét]l?;[)feldSSbgm
25  the diameter and spacing of the columns could be on the order of (.5 um and 1 pm respectively.
The height, h, determines the propagation modes which will be supported and should be slightly
more than half the wavelength if only single modes are to be propagated.
On the inner surface of the membrane 1315 are fabricated two isolated columns 1311,
which are directed downwards, and have the same dimensions and are of the same material (or an
30  optically equivalent material) as the columns on the substrate. The resonator and columns are
designed to complement each other; there is a corresponding absence of a column in the
resonator where the column on the membrane is positioned.
When the interferometric modulator is in an undriven state, there is a finite vertical

airgap 1312, of at least several hundred nanometers between the PBG and the membrane

35  columns, and therefore no optical interaction occurs. The absence of columns in the resonator
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t he placenent of the nmenbrane columms. The device in this state acts as does
the one shown in FIG 13A wth light 1328 propagati ng w t hout
interference. A static version of this geonetry is described in the paper H
A. Haus "Channel drop 10 filters in photonic crystals,” Optics Express,
vol . 3, no.akts 1ike WSfectE)dauging cobpliigCheasech wakiguided 4380 and d834. de thiagsd tiendeliee

i nduced absorber includes a self-suppqrting . al um num nenbrane 1400, on the
order of t i ap 8o e sovgrin H{ G gRstng Grlere fraghincis pilieht LS arenagating along
stack of MeLRLEAS13309% infeQEPhtcHNS ad&mlﬁa;ow@ga@é in/TRe @ﬂgasia-nﬁre%ndﬁ%alfi
patterned on ttansparent ‘'substrate %404. The filmd utilized in the induced
absor ber nodinpat keem 1338 sdcuipetibéam 1326, Pat. No. 6, 040, 937, could serve this
pur pose.. The fil .on.th ubstr.at e .al so . c i.se t{ anspar ent

Sonduct 8, such B MErEe edereets modilithe o Sohued M (P PECHISH S PR BB F St e on
i ts under siddRinihs Gt6 BfeyrestRitar, altdrinits SelaRioaSThaEkbE 0N therébndiNgs tigfinated by
several hundred angstrons in thickness. 20 The materials of certain
enbodi nent $heplacessat of ghe memirgne gokmns nTheflevige &y thipstatesacks as dopsethe gas/shown in
reflects i It r el beconmes very absorbi ng when
the nmenbr gg%’%tﬁy ﬁlﬁ%@%@%@% ct]Fh%gélg[gﬁ%% 1410 shows a view of the
devi ce | ooki ng iAsteti¢ hesien dEthisogeombey ssudestrivad & thd paper IH. ghtHdve &Rhdngel8drop

propagat.es .t so arbitrary.angle thro t bstrate 1412 and is
PP aomb® o e Prapicin it QBRI sR RI0s e SR T h The un-driven state.

Assum ng 2%gtbs Switegggency of the |ight corresponds with the reflective
region of the interferonetric_nodulator in the un-driven state, the |ight
is reflected at 1B HGmdt8mandeyics basef on 1the dndyced absopbsy dnclides ga gelf-suppertingi e,
1414, showsjyiRurs SHE@ntrdHe 614087 OBl biderTBH Wn@ O uhdleds"G SidH8NqRiR! Ghicgsause
the device 1s now very absorbing, the light which is incident upon it is no
| onger r ef sependéd myer a shpch o anptdsialst Y2 reaneprisiigsa combinasion rif emétals qure toxides
nodul at.Qr' s_st ack T i i iguration .the interferonetric

Todul atr RaGerRE on Sshark T oty T, ARDGALURAL o Mook BEGBLAIRMIS, i
t he subst r ak&rib@bin WA R0 Nd. 6,02003N rchaldtsasle thihgursasbsThedllms iof thendubiifatelat O
formsurfaces that, are hi hI% &%I i shed, hi % i B,aral,l el . gt within 1/10 of a
wavel engt h 25P ©RBIFG §HfanepRreph cadadey such,ap i‘“ fupelin Exidek chhe (stctprg ey

hundr eds ofindgigoransn its RAdrsidene glossy ah@N AR, Qfchlab Giybddhtins oPtuh 24, bh Several
substrate to act as a substrate/waveguide in that 1ight 35 beans propagate
in a directhuedied@ngetipnysdn thigknesger age, parallel to the substrate but undergo

- 33 mulshi pl e ref i rom; t r | i ch a
tructile are oftemi el Jr P SaHhbAC ! SRRt bWt uliER sl BECT%
vari ati on davithireflecisecimea phiichlaavavddth iregiqpatbue boadies rvesyu lbbdortsnge whid 2Be over

optical stack,1424 such.that thg. nmenbr 1422 i s | .onger r.ect ul.ar but
'St aper od Meta FeRine ey Hioh vewdHUspRE wiek ol e davicKop kg MR of
t he struct Wf thelsebifrate 4 TN M5ha Béamill 408 Griphgatds@nginte, arbitiery@hgie throakh the Qmstrate

decreases. Thus, the anpunt of force which can_ be apgl ied. )
1412 and is incident on interferometric modulator 1406, shown 1n the un-driven state. Assuming

25  the frequency of the light coqcsponds with the reflective region of the interferometric modulator
in the un-driven state, the light is reflected at a complementary angle 1411 and propagates away.
Side view, 1414, shows the same interferometric modulatqr in the dniven state. Because the
device is now very absorbing, the light which is incident upon it is no longer reflected but
absorbed by the materials in the interferometric modulator’s stack.

30 Thus, in this configuration, the interferometric modulator may act as an optical switch
for light that is propagating within the substrate upon which it is fabricated. The substrate is
machined to form surfaces that are highly polished, highly parallel (to within 1/10 of a
wavelength of the light of interest), and many times thicker (at least hundreds of microns) than
the wavelength of light. This allows the substrate to act as a substrate/waveguide in that light

35  beams propagate in a direction which is, on average, parallel to the substrate but undergo

-33-



el ectrostatically is |lower at the narrower end 1420 of the taper. If a
gradual ly increasing voltage is applied, the nenbrane 1422 wll begin to
actuate at the wider end first and actuation will progress along arrow 1428
as the voltage increases. 10 To incident light, the interferonetric

modul at or apdfiplt @&fleason Mral HaE Bitkge rte ginotherWiLight aavesainedch Radtrucleresdfton t he
val ue of the applied voltage. Side view 1434 shows the effect on a
substrate grsPetiaet HSHESHIEEVE vol tage is applied. The correspondi ng

reflective area fid29p bibwél £Y4rihfidr on W %nﬁhﬂl‘éﬁnbhﬁi@ 1y Efﬁaﬁ&%ﬁ%ﬂ bbstrate-
nodul ator fromthe perspective of the incident beam shows "footprint” 1431

of the beartt2uper dptpelstagk dfiz4 sueh thetfth@mtmb@nta]rfl@a181@2@ng68rent@&uﬂam@ut115taentdl re

refl ective area 1429 -.absor bin beam 1430 i

o or T eSordtids St 50 WBIBE ke AR FBal & SRR et Topetapy
1432. I n siatt@p\is @ikigitd A2, elefrodenired Hdtraasdst ‘Age, thalahiGuit of d6pd whidh ainflbd Rplied
refl ected beam 1440 has been attenuated to sone extent because the

refl ecti ve clgcestatigally 18 Iy af the Yarenwen amstz142Q of g tappia A% 3 etrdupily esptnshyellags ens
1438 and 14?)%;;;;&,@&/ QR meBran€ 3422 wil vdeit io Refatiak | tﬂanwﬁl@fi eﬁ(hﬁrspﬁ’rmp;icﬁ}aﬁon ok

attenuati on beam because thereflective area 1429 is conpletely
absor bi ng. pidgess albge arpwnk$28 as peelede gpesastry, a varl abI e optical attenuator

may be .creat ed, e.of which is direct at.ed, t

t he applﬁu ed vol tTtg jicident Bght e infeeriipefsye ‘8"‘{“?aéa|°1’°‘a Fé*‘h“ *‘s"s?'ﬂ“éﬁﬁ’%‘[‘@‘g“ h FI G
15A. Supporateafmzarmpehaﬁen ittge vaheebdf thabgydiel vormaga. Sidé &lew B3ahées Bk effedt Wi a
several thousand angstroms in_thickness, |n such a 25 way that it is

el ectri cal ISYbsHAR REPREAINE Beam Phey nopedisge yapplisd- Mﬂﬁ@gm@%mgﬁctw arsa d4t%ent

optical  stapdef 1f43§-5\0lillch Whhé AtePRRERHict BoditHiR Gt dm ﬁéq&rspwtlw ef thlﬁﬁ@deﬁ?—y
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sem conductbﬁtmy, shqurﬁootmm;” 343 rfdhe bepgrsupérimpostst orcthe eafleftiverare Hﬁ? eﬁillfalthft hat

has thg SRRy %42:%? Eharda"18% R non! a%ng@iﬁé' O0nt Rt | h%hgcgéd oy @9&&&5@&&; 1504

Thi s could sanme 1 ndex) or a poryner wth variable 1n
standof f 1ntHulaer mmwnbmlmmaltlmes)ﬁMe furmroﬁbeaihﬁl)tzm S supported at an angl e

of 45 degrees. inin t he standoff 1501 c ing a
t echni que knovvnlxgﬁ'ge é'llﬁ‘gglggg’lai“t‘ﬁtf)@'?é’ﬁﬁ “t'R ’Srﬁp ’@rfﬁl %n'gf‘{)gﬁi 14‘#)1]1%9
features tlpaén feRustdniol SoheWSlelit MehlsathereiflBetivt QFABI406 shdvai in ABY 1183 isdRRsi Y.
By appropriate variation of this density on a particular feature,

t hr ee- di ne®aitiaipbsetbinse Yiepgnl 438 awbil??@devqal He gﬁﬁb‘ttd\f dull agtuationand sheesopmpletny

using Hjis s ther materials
A Tt bion B e T e R e over

conduct or 1503 Vihis Hry hang metepergrh geaaretigda tverigbleonpitidel attanuatnslbsayr brc treated, thendow”
1505 into the und in bst [ say, the bul k of
conduct or Ifgggp % ie 1¥h 15 guéc“ ?el 9& to tl:ll' af'ue Et]:[e a%)hea vgltafg 05, Lo

een conpri sing bare
gl ass, is expos @doth&ih Emﬂvuft qim;:all svkifeh On's hﬂﬂstraledltlﬁ r¥l6r agat lSllﬂpoﬁDﬂmhatlﬁﬁﬁs is can

be actuated to drive the whole a (%g coné)act vvltht&il
substr at e/ %ﬁ’@’éﬁﬁf{ h%m agnefal, {4 s 2 q’P BRESHAPS He %fgi“’é? in gaehd 1510
I's propag afwa? Ghat W it BleRritdI§ ohmRled 3d ﬁn@ér 1B02.2MFHoe 1562 ’egéseasudnsmiennopital t hat
prevents it from propagating beyond
standoff 1501, which is bonded to support 1500. Mirror 1502 may comprise a single metal film
or combinations of metals, oxides, and semiconducting films.
The standoff 1501 is fabricated from a material that has the same or higher index of
refraction than that of the substrate 1504. This could be SiO2 (same index) or a polymer with a
30  variable index. The standoff 1501 is machined so that the mirror 1502 is supported at an angle of
45 degrees. Machining of the standoff 1501 can be accomplished using a technique known as
analog lithography that relies on a photomask with features that are continuously variable in
terms of their optical density. By appropriate variation of this density on a particular feature,

three-dimensional shapes can be formed in a photoresist that is exposed using this mask. The

35  shape can then be transferred into other materials via reactive ion etching. The entire assembly is
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t he boundaries of the substrate. This is because 45 degrees is above the
angle, known as the critical angle, which allows the beamto be reflected
1508 with minimal or no | osses at the interface 1519 between the substrate
and the outside nediumby the principle of total internal 10 reflection
(TIR). The spspefded pher cofidutioR1508pelicishas bedngktbinsd togwovitkiin wobasicied remdowement

is that the nediu oyt si.de the substrate nust have_ an i ndex of refraction
that is | ovef? f’ﬁ%ﬁ‘]et‘}’i‘a‘?rfyb‘?gﬁ E‘mé"uﬁ@flr ﬁ"’é.‘s 1°nsay’s‘ih8¥’“\$i qré}\ﬁo ‘g’f‘?f (%?Weh%é\‘ﬁ'be is
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propagating in an uni npeded fashion. Wen, as shown 'in side view 1514,
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path 1518 i | - Be 0, r i i.ndex. gr.eater
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he mrror. The mrror is, angled

optical standoff, _where it is flected b

at 45 degrélée_sl,’°“§ﬂ?(f’r‘is ng‘f’ SP{’Fé'aYeef{ﬁ‘éd% ?fa“ﬁe‘én"e%?i%‘si @’O%Wetaf’%}&elﬂoﬁﬁ agitheyy
angl e whi cRyligal RREIEBIHiLIPalldWR Bl BBEn &f bd RSP ISORLRL rdibghal 65 Hb toskd A hd hat
the Iight may propagate throu'g)g the substrate interface because it no | onger

meets the detprfaseilal9 bayweem|the subsicrte amd the owtaide medmbly the fprineiple ©6 igitlapternaQ,
whi ch S - ed on the opposite side of the substrate/ wavegui de. A
siml agacoﬁg%g?&ﬂs%éscri bed in the paper, X Zhou, et al., "Wwveguide
Panel Display Ughagrikdipie bf TiRelehends omBneBpethw abut bibakid @tytirement iStiat Be gedium vol .

XXI' X, 1998. This payticul ar. device was desjgned.for em ssive displa

2opl | cat | ofuide s G MLy gn e LR Sl er o e of e By I
reflecting s dlewnB12,Wd ERidd8Y/sHo®n itk IR wildh 5068 theSHE drive R state, 4ndBesh asof f
usi ng conventional patterning techniques. This approach, however, exhibits

wavel engt h PERPRRATAR M@ vafftPefidsadionglaen, 8s harpirptide HieY A3 detviish 180Gdepeuatedat are
not an 1kSSyg, c&t&&]wstn 'tHE_sTJbsltlgﬂerIF(i)tfr, ngehsogaﬁq%rnl B3Aghd Mtﬁre?.l B&hRA e EnRt hial

structures may be substituted mrror, wt helr respective

at t ri but es refrdtiehodex goatentian offéyusldo dahofithe wbsteastrolSlb.gble branmynoflonget underzoS0
reflective nd.di.ffractiyv and can i nclyde mcro- ses {both transm ssive
and refl ec'EIi'n\?e"gfhe "(l:%rrfl%zg'v*eheg?emg nve arl‘l‘r:fci (r’u(riglrflgl?e sgiilb?ctfa?ea%:fli%\/"e'to()t%ﬁ ?pcné:fﬂ Sé?“@?re’nt S,
hol ogr aphi evhegtit sakfleted g nhe migperi ThEmirrcanidamied ot4ielegear sachftha pid efiéctel ement

whi ch can be created using mcro-fabrication techniques. In the case where
an alterna e 1 R iy e o ?@I%'B‘EJ‘, is Pﬁ'&la%‘t"é\‘f‘dg?’g ok iy sytsgeig e aspt i

i mpar t 2ot 0 that e LightddG proR¥gddOihrdagh e SRRAAE WnterfBPERAISPE n8 TonghiendialiY &it&fa t he
mcro-optic. -35 This varration on the interferonetric nodul ator acts as a

de- coupl i ndorsTAR: @14 capy e FangHed by Bfibeipumer 1580 vehishons besn meyagadrandhg prpgsitenci es
I f the mrr ' AR idC A {idhilaCHRAE iCARPIRE in ML

substrat e/ V\S/faa%/eﬂgzklle e ét ;%VFQJ’]S&I de ﬁ\fllj ew 1%%2 152 éévvsl%a "r]m?#epag%ré ()?g?ué et al,

i mpl ement at‘Mameguide Raneélc Risplay déhiligt Eloctadmekhaoad] Spatiab MdbRErs, 215§D doigest, vilb

degrees, h een fabricated on the side 5 the substrate 1524 opposite
Chat ot heoXIR E8 PRk BB BVt B SiiRellor rlsie ForEt Eobibait aSBRGR ch 1 o
t hat i 25camn@talddebediaipteaieardd iByheCiobrfofila Rt@a igamingf whitle man g asched idtd ehe

' h light 1522 th h ff i vel I
glu{ ' 8][ St ﬁg sgrga%g 19f Z%%%%g%&?%éjn%:ﬁgg%ﬁtioial pgtte%;[ing ?eschrll)icep?eg %’his ea%})rlo\a{ceh, %ogg\?eg,ur) ed

exhibits wavelength dependence and losses due to multiple diffraction orders that are not an issue
with thin film mirrors. Additionally, alternative optical structures may be substituted for the
mirror, with their respective attributes and shortcomings. These can be categorized as refractive,
30 reflective, and diffractive, and can include micro-lenses (both transmissive and reflective),
concave or convex mirrors, diffractive optical elements, holographic optical elements, prisms,
and any other form of optical element which can be created using micro-fabrication techniques.
In the case where an alternative optical element is used, the standoff and the angle it imparts to

the optic may not be necessary, depending on the nature of the micro-optic.
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1506 may be recoupl ed back into the substrate (dashed |ines) by re-coupling
mrror 1528. However, by fabricating the recoupling mrror 1528 with
different orientations in the XY plane, 10 the mirror conbination may be
used to redirect light in any new direction within the substrate/waveguide.
The conbi nati on Biis vitetien pthesinterfetometsis maedulatdyects ef @rdesuplingasvitgh dorrleght.i onal

itch. R b d.t | Li ght | t hat
ot opagat | ngoions etk SpTl aidhen diC R 5 e Sy SMenl) i pefben;
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down 15 onto the substrate 1535, |linear array 1536 is an array of fiber
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t he XY a r I ten ned
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Filter Returning to 16, an interferonetric nodulator in the formof a
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consi st of sﬁbﬁﬂaiehﬁ:ﬁ)ﬂ:r&fdxbﬂdﬂﬁﬂhoaletshifalzknesS of some nultiple of one- half a
wavel ength. The ri se st cks of terials, Ti hi h index)
and SiQ2 (low i rﬂéx§%§1"ﬁé gL o a'\/\ﬁ‘rfaﬁ frestig iSW{jChr‘?Féﬁ)c’

i ndi cests Ongatdrhe &dm@zrdt@mssnﬁwanay $9363€arPdrtay of fi6d#|cakplg whith @irectHiddht | m&) tSQ
deposited and patterned such that second contact pad 1612 only contacts

mrror 1608ubsRerlgEs atpp@eele §0§%§>etaﬁ§ﬁtnlvlepé¥ eyl de-ramling grigersnot isibie)
‘1 sland” 1%?0599;3;@&&&9 Qypé&bOtHQEBe? ctbbler-arrd P coluﬁlt':?l%ﬁtl lﬁ@tgﬁgm&né a5 e

island are primaril ermne by the size of t amvvlt which it
will interabt smfi-tnssf ths smtmb 15350 fabrecasd drearrayfofﬂgmom swr@dm,@szm}ndﬁﬂds

m crons. Saacgegrgéeg{ag vacoff‘xras %%BI%S Q‘gtches argsktla()l fli(y met C{]yeéjugg m%mlgha% &oxple(g into |

manner | eavin suf I'ent size
st abi | i2oy, spbsoh@lftoyn amy dnbef te Gt fifer bmipmsofsmmy o8 ﬂnr&mﬂab eny bie df i duqmt I ayer

of -36 mrr 1608 .bottom | ayer of mrr 04, htly doped to
e conduct 137G CERER bR PUSTRbA- e 7BY psighs bl HabrPicel it TBLERs P85 and
1612 will caYsR: dtfafy MirhePbf difftradin gug t®Shy Ak SPAGAMber O diferdnButiltg. Uct ur e’ s

optical response_may be tuned. FI 17A shows an application of this tunable

filter. On 1 €isurf ace of substrate 1714 5 has been fabricated tunable

has. al so’ bobn At RRF G4 Sk e hers SR e L ARoE ATk, i b L fnalle P eror 101
a met al25sudHtenss shgwn dindhiis gase] eaductio®Contaet pav 1902 hivbbeen aldpasited bral paaprhsmmi ace
of the s UbSt f;s? até 1'630, %ﬂ)ng lQVTit'h cél?(’:llectric mirrors 1604 and 1608 and sacrificial layer 1606. This may
consist of a silicon film with a thickness of some multiple of one-half a wavelength. The mirrors
may comprise stacks of materials, TiO2 (high index) and SiO2 (low index) being two examples,
with alternating high and low indices. One of the layers may also be air. Insulating layer 1610 is
30  deposited and patterned such that second contact pad 1612 only contacts mirror 1608. Mirror
1608 is subsequently patterned leaving a mirror “istand” 1614 connected by supports 1615. The
lateral dimensions of the island are primarily determined by the size of the light beam with which
it will interact. This is usvally on the order of tens to several hundred microns. Sacrificial layer

1606 is partially etched chemically, but in a manner leaving standoffs 1613 of sufficient size to

35  provide mechanical stability, probably on the order of tens of microns square. If the top layer of
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superstructure, 1706, whose inner surface is at |east 95%reflective, e.qg.,
by the addition of a reflecting gold film and which al so supports an
angled mrror 1710. In this device, light beam 10 1702 propagates within the
substrate at sonme angle that is larger than the critical angle, which is
~appr oxi mat eﬂn;rroﬂiléﬂ&gmbdte Badtomalagerbeft matoe 1604 gteaBghtlandbped mede wondofting then

Ther ef or e, m rr are re UI r.e beam 1702 .hounded
wehin t e aeafio i elg poipagd betuRtrCeon et hs St S8 it ot GERGAHEN F ows
greater fl exighickd.tibud, ﬂletsﬁﬁbn&@"seﬁﬁdamsﬂﬁsﬁﬂ@ltﬁﬁmﬁﬂ whi ch the |ight :
propagat es. 5 Beam 1702 i s incl dent pon Fabré Perot filter 1704, whi ch

transmts a par t§iSul &} shows ap arplicatiogof rmsdnfabie?f@ 1.1 the topspiface of ﬂ@StfaI‘FeUlést
1709. The ty s hbifdich WagHERfY: g@ #@m 5,988 b i- Rtk QiR W f1‘7f>£tA11%%J
170 ont o

the reflective superstructure ecte agal n by rror
angl ed mi r rivi7 basldso bden fabricdiédin the botkdm ewifaseichthe hebistrithe.d.,i fgdnt atregah swohtased by

filter 1704 ect i efI ctlon oating 1712 at. a

bl o vt h gl gt 1BE F. R Rk MERS B BShonuTiatate visbugi Snavicd
substrate IstpdsiaRehrd, 1706, thiSsecitha sidthcen® Qlt At 95hererledtive,Cd.£dby tRGAIIEY of 4709
is reflected within the substrate 1714 between mrrors 1717 and 1716, and

finally refFiectingsold fir, 3 diighelinwprerissanraaglsd mmor 1A Indhip devies, lght deam|
medi um jpTheyge b@ﬁ‘ga&% vahHhed SibbtfiSat36hS andSthdt mv&k ﬁﬁgftt eéﬁkaﬁ%gelwﬁ dliker.

The superstruc e may be fabricated using a nunber o e woul d
i ncl ude 25Spplesintalk 4 hidegrandiehd mibsigpto bE alaSI aab aaﬁedsum io€ ain. Tiwrdfm nthemimest y of
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gl ass for exa,}r}*g gg'gum ng any one of many silicon/glass bonding techniques.
FIG 17B i s¥ahyfy ®¥fe version. In this exanpl e, a second tunable

filter {5739 has peafh PRENisawlEi@cht lipoR RAMHyIRrGNEiRG di 70kl OQRich f thAGHEN G YpafiRhREt | ON
channel, which allows two separate frequencies to be sel ect ed

i ndepe ndentiregueng shlighy 58 yhile exfleetinedhayistd i Thetrensmitted f@ﬂ@ﬂﬂsl"’oﬁ ifcipgiéant upon
a first Fabpy fﬂ%rﬁﬁeciédl el thb ctx%éx@@rs%&uﬂ@ TrdeS afid Rt Et*;cf g% %%#?2%’ of

light 1734 e reflecting the res e transmtied
i nci dent onine angtbdrmitdor tT1OdMirgn 718y tilted su#B6iat tha dightetfdnenitied bag“ancnl’mﬁl ig

second mrror o s, 1738.. The 35 refl ed Cy Is
ot 1 ect od VR opale SBLak i RS AD Y St R s et TR B SR o
-37 mraor J@otpasses mﬁmgmdaeléabmme%n@hnd intd ehe extéaRl medivah The aefidiiet Frequency
parti cul ar freque ht and flects the rest through the substrate
154 and | i8S Brighled i i 1 AR CePEEn ey LT e d e (BB FHEEbcond
filter 173978 théigh et Q6ktRRUMEL fnd iGio! tBE LatdtRal THRRINS t THE D WicE asld ¢ Rold ifds 8s
additional mrror onto detector 1738. Detectors 1738 all ow for a higher

degree of iapegreength sclsctivgdder.onal ity. FIG 17C incorporates i nt egr at ed
circuits. Light ﬂ@%?%e}szr'f&]qn}%%?a eber QHRN ?ﬂﬁ%ﬂber%ﬁ%}?ﬁxﬁ&e@ A 7»Qouﬁt§‘ﬂxciuﬁe

i nci dent upon tunab ter hi's ent than those of
FI GS. 25 the bulk micromachining of a slab of silicon to form a cavity of precise depth, e.g., on the order

of the thickness of the substrate and at least several hundred microns. The angled mirror is

fabricated after etching of the cavity, and the entire assembly is bonded to the substrate, glass for
example, using any one of many silicon/glass bonding techniques.

FIG. 17B is a more elaborate version. In this example, a second tunable filter 1739 has

30 been added to provide an additional frequency selection channel, which allows two separate

frequencies to be selected independently. Beam 1730 passes through substrate 1744 and is

incident upon a first Fabry-Perot filter 1732, which transmits a particular frequency of light 1734

while reflecting the rest. The transmitted frequency 1734 is incident onto and reflected from

mirror 1736, and reflected again by a second mirror onto one of two detectors 1738. The

35  reflected frequency is reflected within the substrate 1744, between mirror 1740 and an additional
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17A and 17B in that it includes recoupling mrror 1756 that has been
fabricated on the surface of the novable mrror of the filter. The angle of
the mrror is such that the frequency selected by 10 filter 1752 is now
coupled directly back into the substrate at a nornmal angle in the form of

| ight beam 1758. The remmi ni ng frequencies contained in |ight beam 1750
propagat e uRiror ontp ayecopth EapnyrPept filges g&%ﬂ Phigh tansndts appEBulihiredyency odhghtaad so
that it pr S r i i rnandi cul . Dro i eam
The. beam t HoLroe (ot hOif N bkl P Rl A Wl CRBO I e
by ot her dewinsmeitted biathe ac@nd Gherel30 ik ©fitdtaidiekhween reflphtivebmperstiuét®: 17%12iand kident

15 on | C 1764 that .can detect decode the i nformation within the b
The 1 176/ RUYMB B o1 oraaTap SHOEBEA P UPRe & HErEpftare of mlegried

si | i con/sgergmdtioktity. Or gal | i um arseni de-based integrated circuit that could
benefit from bei ng directly coupled to information carrying |ight. For
a
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di rect ed i Rgeuit th& GaMiveRfit HbaWeig dirbdd§ cogManb eiforktRBa c:irﬁr'ir%q%lﬂt For example,
anti-reflection coating 1802, ané coupl ed into substrate 1804 using

r e- coupl i ng el basdwitlpepticat ietetcamnseignaynky feimeddietwien des $704mad |17¢hey vRpROf
tunable fil 3 LLi i f . M i i

non- sel ect i EEGhal G bl 178, Bhs B (brlel B SN WA b ST a00
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propagating__further downstream.via . ol L.owi ng .t h a f. f.requency
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(beam 1815)defeaxek by mhy niihiteer DO bptidaly Senshtive gornphents awitlirther maturd Sflthe colpbaiegh an
AR coating,, and. re-coupl ed back into substrate 1804 .re-coupling 5 mrror
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1817) into substrate 1804 by a mrror positioned simlarly to mrror 1810,

where i f of el thet i5 sEreseside Hieisubstrals prpagafinglight. Beans

Optical mixer using substrate waveguide

FIGS. 18A and 18B are an illustration of a two-channel optical mixer implemented using

a TIR version of a substrate/waveguide. FIG. 18A shows a schematic of the device. Light

containing multiple wavelengths has two particular wavelengths, 1801 and 1803, split off and

30  directed towards two independent variable attenuators 1805. They are then output to several
possible channels 1807 or into an optical stop 1813.

FIG. 18B reveals an implementation. The input light is directed into the device through

fiber counpler 1800, through anti-reflection coating 1802, and coupled into substrate 1804 using

re-coupling mirror 1806. The recoupling mirror directs the light onto tunable filter 1808, splitting

35  off frequency Al and directing all non-selected frequencies 1814 toward a second tunable filter
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1815 and 1817 propagate within substrate 1804 by TIR, and are positionally
shifted by virtue of beamrepositioner 1816. 10 Beamrepositioner 1816
produces the same result as a recoupling mrror, except that the mrror is
parallel to the surface of the substrate. Because the mrror is suspended a
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three beangnifresi®lo, thequeh an R coalingy and, re-cagpled bagk duip subsiraty ARAS By rerequplipg
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et chi ng i s bR reRpianstiPlo The absorber/detector, conprising a sem conduct or
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measur enent of the output power of the m xer. Optical superstructures 1829
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m xer. 25 The i i.on of nar.. i.n fer.o i ul.at ors .and
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of " oper at NFRTSGNTEF Tt AR IO SR DHIGHG e g HBsbls juer

bet weenst ha gy waisishifedBvirth16f rEptRRb: 18, TheresUBES 814681 dlek boimst(@15c pgIpOoNent s
are fabricated in a planar fashion, economes of 30 scale can be achi eved by

bul k fabri éad 188 4§ equally separaipdavhen thexareinddant e et wry 9bidecorrlingayitphes 1879 gned
and bonded aﬁ@ﬁ&{é)& TR s ¥eS5 !sél@étﬁ(rely L &hi § ddhd bedfks if€ Bwlohtiéﬁf cr%nhﬁne@éf hye
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because the devices reside on the waveguide and/or on the superstructure and are capable of

operating on light which is propagating within the waveguide, and between the waveguide and

the superstructore. Because all of the components are fabricated in a planar fashion, economies of

30  scale can be achieved by bulk fabrication over large areas, and the different pieces may be
aligned and bonded easily and precisely. In addition, because all of the active components exhibit
actuation in a direction normal to the substrate, they are relatively simple to fabricate and drive

compared to more elaborate non-planar mirrors and beams. Active electronic components may be

bonded to either the superstructure or the substrate/waveguide to increase functionality.



fed processes, they usually involve a continuous roll of the substrate
material which is fed into a 10 series of tools, each of which selectively
coats the substrate with ink in order to sequentially build up a full color
graphi cal image. Such processes are of interest due to the high speeds with
whi ch pr odugitesnatiagly etiver dedidesatlay el fibricd@d hSa part eheapasmichng pafticslagnifat is
sequence applied to the fahricatiqgn of a . single interferonmetric nodul ator
and, by ext"eﬁ‘?%‘fcﬂﬂ‘?“qoés"cchésﬁﬂé%“i°é&”ll“Bﬁaﬁ?““?ﬁrays of interferonetric 15

nmodul at or s @ikt SiSle FbsdaR& Betds@Eechani cal structures. Wb source 1900 .is a
roll of the substrate material, such as transparent plastic. A

represent ative diesansd 9@ atsrplanas exsk heganse mapy pethe ddyersdomot tequirg spmicopdurtiag ns,
for the purpose t.hi cription, ..onl i n evi.ce. Qssi ng .t ool
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protrusions etched on it. 20 The mt-ﬁ] master is mpunted on a drumthat is
pressed agdp Hese ofjths RiERg inglystry Ehse LIPS ob PrRCSHsAYRIGHY BVl e ¢ HBst e Sthich 18 o
form the deRL@RSIngWSthe Wr\Wr 4 20inhdus YRdel, 28r@RarhflL 8f pabAak BlastiIRErerrdlEBAS Wb thi n
| ayers of material using well known thin filmdepoSition processes, such as
sput t er i ng-fed preceagsorthayi usmally Tholveasagntinioys rellf Hheksubisdra@ nepfterfabwhich i fod into a
conpri sj-ng an oxi d a . n.,.0x%i de sacrificial film Thes
materials CorPes 6%02% ¢ Cg'n%@lnfhn Seé:g‘c’igig%%%? g'g?su raf%n‘fléhr n%r"ér% e i Ser%%fg'la f or
desi gn. A thaid uf 8 hill chil@pedphies), image. Sach procksex pRsd Sntabaidod Rhs high Opeeds with
patterning th seg]fa ers. Once the pattern has been defined, the filmetching
occurs in t'guTh PIRGES cangeproduced. o y - patterning may be acconplished using a

process known agiGapels £Ripakémilion o shdl § sedw@R®, appliddadahe FbrisARAEY Gyas the
material in a manner that allows it to be synchronized wth the noving

substrat e. inpderpmetre aprdilaton gndolne extensiany do [thes Bbrication of Hurmaysapf jnterfesgmetric

. . . .
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same pat t efifipredsbé 5 phtferss 6Bdepredsiont NG thdplagict sheet Phd einasi RtonjAshddagna mktai pped
away after the application of tool 1916. Tool 1920 35 is another deposition
tool that dRAsEEVhish hgsdhe approprigippaliem afpeotpippigicheden itayer of the -40

i nterfeponetric gpditahdker Al HdlinRd mniasdrgﬁsemmgg%ed@a %g;iﬁsrt tﬁéﬁgh&d@mﬂo&gfz

This material may - al so include organic materials which exhibit mnina
resi dual stprassse indpfonmi thh Plastic te dorethe sleprestionssYiay 1806, Blupteatap this. Gogmr 4ACS PECVD

t echni ques. | . i q t r ) st ri,pped of
phot or esi stde%%tiéﬂl€é§{8§ (ifﬁ]g@ﬁ%@gsg& gvgltlj H‘%&‘Z tggg%lemcth%%ﬂ?ﬂ %}I}%S Sesiség%p?ss used
to etch 5 apaieringrer evapmationcTlal redultyien statlf 1310ef fay itms @ngirking am pxitifiasmadn be
acconpl i shed us

inNg XeF2, a.qgas., phase etchant used for such purposes. The
result is tAe®8dF 2 uﬂp%a\c?f“ﬁa %ﬁbﬁiﬁs TRIFORT UTLRIBS ot Higt mfdg?elqs atfsﬂé’er
i nt er f es0MkhtEdfGomBEY hdddkior Baskagl fe]l aD12 BRpene&y clided) Gindl @%pdseS phdioresist for
acconpl i shed by baondi ng flexible sheet 1933 to the_ , .
patterning these layers. Once the pattern has been defined, the film etching occurs in tool 1914.
Alternatively, patterning may be accomplished using a process known as laser ablation. In this
case, a laser is scanned over the material in a manner that allows it to be synchronized with the
moving substrate. The frequency and power of the laser is such that it can evaporate the materials
30  of interest to feature sizes that are on the order of microns. The frequency of the laser is tuned so
that it only interacts with the materials on the substrate and not the substrate itself. Because the
evaporation occurs so quickly, the substrate is heated only minimally.
In this device example, all of the films are etched using the same pattern. This is seen in

1918 where the photoresist has been stripped away after the application of tool 1916. Tool 1920

35 is another deposition tool that deposits what will become the structural layer of the
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top surface of the substrate sheet. This is also supplied by a continuous
roll 1936 that has been 10 coated with a hernetic film such as a netal,
usi ng coating tool 1934. The two sheets are joined using bonding tool 1937,
to produce the resulting packaged device 1940. Stress Measurement Residual
stress is dntederpmetric nnqdhbwdeélugmﬂﬂahﬁ dnalseadidatd tom gt layEVER: ﬂ"h@tmﬂtftml may
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state to determne this. Thus, the mterferorretrlc nodul ator structure can
provi de a tusiop bensingriem Ay, torreduge the seslting packageddeiGA990F show exanpl es of
how an i nt I nodul at or may be used in this fashion.
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the interferonetric rmdul ators on the right are of single cantilever form
In the cas&edpetpyafthespmbethe structural materials have no residual stresses,
and both menbr aie sw&ididiiic AOAIR50 LR fnfepfemﬁﬁtr&meme lglse%glﬁve ©OBriafid3€ i ,
devi ces, as viewed through the 35 Substrate, exhibit a uniformcolor that is
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nature of the oIo.chanelsr n the. mview, in FI G . 20D.
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i nterfer ompbdause VRGNS iPEolo? QBtbe Bed Bf doRRmIe GhORGAMSS ahd ddgPeelRbd/RatiOWAY from
the substrate than the regions of the nmenbrane flanking region 2018.

Conver sel y the membprg: Knayinghe dedarged stsfer ofsyny enteiipl elowshior goleterpinatym afgbgor ane
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regi on 201 corresponding to the portlon of ane eri
25 dlmensmnal data on the deformation state to determine this. Thus, the mterferometnc modulator

=

structure can provide a tool for making this assessment.

FIGS. 20A-20F show examples of how an interferometric modulator may be used in this
fashion. Interferometric modulators 2000 and 2002 in FIG. 20A, 2004 and 2006 in FIG. 20C,
and 2008 and 2010 in FIG. 20E are shown from a side perspective, while the same

30 interferometric modulators are shown from a bottom perspective viewed through the substrate in
FIGS. 20B, 20D, and 20F, respectively. The interferometric modulators on the left are of a
double cantilever form and the interferometric modulators on the right are of single cantilever
form. In the case of FIG. 20A, the structural materials have no residual stresses, and both
membranes exhibit no deformation. As shown in FIG. 20B, the devices, as viewed through the

35  substrate, exhibit a uniform color that 1s determined by the thickness of the spacer layer upon
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side of interferonetric nodul ator 2006, m ght be blue, because it is closer
to the substrate. 10 Interferonetric nodul ators 2008 and 2010 in FIG 20E
are shown in a state where the stress gradi ent exhi bits hi gher tensile
stress on the top than on the pbottom The structura ers are deforned
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their non-deposited stress states, to be put avva¥ for |ater use. Wen the
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U

modulators in this case are not to be used for display purposes. Good candidates would include

materials in crystalline form (e.g., silicon, aluminum, germanium), which are or can be made

compatible from a fabrication standpoint, exhibit some degree of reflectivity, and have

mechanical properties that are or can be characterized to a high degree of accuracy. These “test

30  structures” are fabricated and released so that they are freestanding. If the materials are without

stress, then the structures should exhibit no color variations. Should this not be the case,

however, then the color states or color maps may be recorded by use of a high resolution imaging
device 2034, which can obtain images of high magnification via optical system 2032.

The imaging device is connected to a computer system 2036, upon which resides

35  hardware capable of recording and processing the image data. The hardware could comprise



determ ne the residual stress of a deposited film a test wafer is selected
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t he hei ght odnditioes apit thdm ErowshDiealk altk sysnt Bunpdrier B etbrtiécpnigidsffor @sdsyrisighey
all share in 1{‘-:10” §n thg. lgrongert]% t hat as onelft([yaver es frot t he inci dednt
into the sulFEEPHSHESS KRRPFISE Y@ PRdER eERMCd I RAPTHHOYo 85 VIS STRITYS 8% r om
that of thecimnixinnrierR@initysiand tbateatie thb efbintaifos bbRbhicted sROOGed. 15e fdmer
Structures of this type act as_superior antireflection coatings, conpared
to th OS%S naﬂ’éfefsr%?ﬁ’ @(ﬂ‘?ﬁq Wé{rp\@qlf‘sdrme eﬂeﬁ‘r?fqusi tp ﬁg?rge array of devices, and Inaccuracies in

measuring displacement electronically. The latter is subject to the optical properties of the films

L=

under observation, and the complexity of the required external optics and hardware.

Discontinuous Films

Another class of materials with interesting properties are films whose structure is not

30  homogeneous. These films can occur in several forms and we shall refer to them collectively as
discontinnous films. FIG. 21A illustrates one form of a discontinuous film. Substrate 2000 could

be a metal, dielectric, or semiconductor, which has had contours 2104, 2106, and 2108 etched

into jts surface. The contours, comprising individual structural profiles which should have a
height 2110 that is some fraction of the wavelength of light of interest, are etched using

35  photolithographic and chemical etching techniques to achieve profiles which are similar to those
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because they do not suffer as nuch from angul ar dependenci es. Thus, they
remain highly antireflective froma broader range of incident angles. FIG
21B reveal s a coating 2120 that has been deposited on substrate 2122 and
could also 10 be of a nmetal, dielectric, or sem conductor. The film in

this case, illpsisated by, 2404 Heangulery 2KloaGukindsieal) ansk A8 (dapferstpibtonen- el oeflonive 000
angstrons i r a
gr adual nucPlahth#egéﬂg?g%gs%éﬁ 2!(? glgntge %R2®%l£r8@8%5%§3§%% Of"lde} B{;@%&vagﬂ%g‘? and
| ar ger unti battelre Whikgianh tantpwiinslighgediférengnbky @Al shaena cpmm’oh thd poperey that as
contlnuousfllm Fl . Shows a top view of film21 The opti cal
properties B fiFHE ] o QU Pty ST 2 Tt AR SRR Fadil
films. For mBhahs of hedh&6M e AURAUS fak biMnb GRA SutsRar® 3000 de1tNSERATcsl SAHEHPL haNn
its continuous equivalent. FIG 21D illustrates a third form of

di scont i nuo@e ag pyperion aptirdiiectionpoatings.icompaeB® thess myde fromekepthiriatient o mhis fibet r at e
2132 to a t e t u tr ch that it |

consi dered ?:%%{&l%n%‘? é8 nﬁlt gft?% e%n&g%l ?rgubw%\[;g]sgﬁ%?ﬁwc'?efga@?uﬁgﬁ]aydfrgﬁ%t hlig‘h ly

smal | er thamtirdsm:c%fvmelbma@rlnangéofmheasresﬁgeshol es 2134 is produced in the
material using t ues which are s ar e self-assenbly approach
descri bed earli eﬁg%ﬂfﬁ‘ieglséé‘é"émglz}?& tb%lh%F" S%Pﬁs%éto”é‘éhsﬁatﬁ&gg ‘T“SFO“IB also

transfejgi nge % nRiak MiNAAEL b sdribshab A6y, UBARML Vih s BRESE @il in @e@aﬁma&@ logs
can be etched using reactive ion etch techniques. Because the naterial is

cont i nuous fd@mﬂn%ﬁfff@ﬂ”ﬁleéfdbd?w 1gQfbangpipamsaipt thickpage Ruiiwg awgst gepesitige pfacessesof
FIG 21B. gﬁ ggt F&HM GiakiefoR 5&& ?orﬂl‘ni%f fbeefi 51O §s Hﬁt ELQ‘EJ‘%?ng ahf 25
i nci dent ia I bi

in that I on experie ces ower 1 osses an

transm ssi ohrga:eahtsl thasbegiom Josutogahe apﬂ,a:ﬂrmms poid dbtm emahtliryxpua Aln.gdoneiCy of

the hol es, 3s as t angl e of incide refractive

i nci dent me%] Uh? t?&‘)’?e‘ﬁé}?ﬁgﬁ?g{ﬁ' g‘ﬁee@n[cgl p&%ﬂ? ’re?)PPgII‘Hf gy, elafj%llsmg ‘ﬁ&ea{{?’glﬂf%tl cs

of the 13 ghbf tdhgibudus flinANEdT hétQel. 2 Bsontinddas SMOWend tbQﬁhMltG’\A\g}Qf' 148 than its

perforat ed film 2136 Films such as these are described in the paper
"Control of ‘HHPIUSFILTALEIENi ssion through 30 metals perforated with

subwavel engt h hokgs. 21 DalSsirafy a TR i o iEBonMHob el 8Y 1A &isé, GAMIZABO hik been
structure, they differ fromPBGs. Al three of these types ‘of disconti nuous

filns are coevasiedt @ssybswate FdPde anthickpess.at leashaehpesendnapgstremppeigh dherit is
structure. Ifalieds dofi % th Ylgd- smav@aénaﬂe in m a%et&m%laﬂ&t B

g
filne in the static an &ﬁe portions ‘of é erorretrlc m)h I’ator
struct u2e. hvelangthad H@@re%kﬁnldgﬂtl%mpcpﬁgcedpm ihe ariatqmnblpﬁmgttﬁ@slqmﬂ whiclcan sipalar

mani pul at ed rinpar 0 structure ry of
The | vi dlre Pt et afibabe RELBRG ol g RO G 208 RIS

t hi ckness. 'Fhs;erm@thbemhs]ﬁﬂemmnmom mnmetrlyb:g mate:bul Odridethe ehb&@tcamlbe (Btch@cpm;lﬁt@l ,
and nechanical . ele feropmetric .nodul ator _t ha tt(j(‘ﬁﬂfg/lncoul d

conprise. | FgRFYOLS eéh’ii%l?%gé]ec?%% theJBIFIhIS (PUDENTi 5 PUfordet i RSk

films may bgkchangRdtady filth bRICI 018, NesRat NisQpdial BoberGONifGtfrdd the ublcRPEd film
proximty to other filns via surface conduction or optical interference.

This ca#® ocBupatgycidedi fdiatipy xprigcesigwerHessesorusy SFP iyt tepsmindor pgaks baseigor by
altering t hﬁnﬁtzé ﬁﬁ}rﬁo\ﬁg Acﬁﬂtﬁ(ﬁ’ﬁﬁ)},\ﬁ% geﬂﬂ% &f the holes, as well as the angle of incidence and

refractive index of the incident medium, may be manipulated to control the spectral

characteristics of the light that is transmitted. FIG. 21E shows a top view of the perforated film

2136. Films such as these are described in the paper “Control of optical transmission through

30  metals perforated with subwavelength hole arrays” by Tae Jin Kim. While they are regular in
structure, they differ from PBGs.

All three of these types of discontinuous films are candidates for inclusion into an

interferometric modulator structure. That is to say they could act as one or more of the material

films in the static and/or movable portions of an interferometric modulator structure. All three

35  exhibit umque optical properties which can be manipulated in ways that rely primarily on the
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its surrounding nedium Thus nore conplex optical responses in an individual
interferonetric nodulator may be obtained with sinpler structures that have
| ess conpl ex fabrication processes. Visual Display Devices 10 Additi onal
enbodi ments of the instant invention include visual display devices .
conpri si ng ATPAYE Apd @eoraty; oft tas fdidduet file Mnrat che emgmgiicedf Plsrvidatednen a

| arge array - t f [Xek -1 b e Clyl i spkay... ki 3A
and 238 ar o TS BPACR o asvans it B hbAChiARAC SRl e R 0
devi ce 40. thwmedisgplaaynddeupmetndOngialatdyghat ftimy exbingimprisa In cetyl ubple ceses.ntbbi | e

var [ ati ons CREPLBPPSHE ofvay 11 MEEPE: To6otr 0 oo e CemahealeRioaf sl ces

such as $el eMbs pRRENIHNG o R FilndVie sufRdE dordhialtn o optidACintHre Rinde THR\EE BccPby
i ncl udes a hpu5|q3¥4l, a display 30, an antenna 43, a speaker 44, an input
devi ce 48, &Hertly aFereolhnSonsiuatiyity phéheHds piterdy altenngahe pligctiye fedreivg irdessf any

of a variet nyf i C r : : . skill
Tn fhe art o Ra R L B e R e P SR o,
t he housi ngmbdulawy mbe bereldanddrvoith Smplendtruaturey gl vy les complesrfataicstion modesses- ng

but not i nivt_e_d%l;io _lglﬁ_s‘;iicec, nmetal, glass, rubber, and ceramc, or a

conbi nati on : =one enbodi nent the housing 41 includes renovabl e
portiongg(not - slaGiE0Ralt BabodivAdhtd S | tht EmehaNFeehtioht clRid 8hisube IBYRY| Gevices
portions of different color, or containin Y different |ogos, pictures, or
synbol s. 25cqfﬂ@*%rrgsapplagﬁl@oofdvfeéﬁr@w&trﬂarwodagg%|dav<=faéw9éteéw1 MAEDETRAFY 290 a

variety of @isphays withifGl Mgidde QisPlayStARLEs d580haY 3RS A0SEh G RgLShy. I N
ot her enbodi nents, the display 30 includes a flat-panel display, such as

pl asma, EL, lostring SFRmbaimensof T@EplaCeviee e slhe idiseldy deroeeet0 aap be, for example, a
non-fl at - pan [ S ] | nown
o those of Lol (oFhdbly nBHEE2 Buces], BF S EhmlOf, SLHLAR oBSed T EYlonl

pr esent 12nbeshanend theredfearelalspillastraBfe ofhalriosesparnt d3flay dévidet ewchreteldvisiomednd at or
di splay, as_d ri bed herein. The conponents of one enbodi nent of exenpl ary
di spl ay devP%’ia%%d"%gﬁaep}gyceﬁermti cally illustrated in Figure 23B. The

il lustrated exenghadypley 8¢icy0dRNides a 4Budifpcd1Vidl@aBplay BOUS i20@nsklaza B dpeaka 4,

i ncl ude additional conponents _at | east Eﬁrti ally _encl osed therein. For

exanpl e, i n¥HEU SRS AIChERt 2 THRPheReADI APS PRSURIYdyS aeFrEE aEp e i gsOls

net wor k i nt ¢ffedf 8f SbntM@tridgNErbttdRs 28RrS3ReRAhE&MN D A3s\bi a1 i1 teoMB!iRdudig

transcei ver 47. The transceiver 47 is connected to a grocessor -45 21, which
i s conndet etriacHorBRgiNG oM aeruTaioaviag e Iegdditiphahe briging é man §e mefdiemens gt sy
be confi guped.f O GABSIL iRMdhe TP NG tirkifedo plablid Geta? o350 38 €erami

condi tioni ng héﬁ gfware 52]’?:2j cgﬁlﬂr‘fect ed toogastpég{?gr’ %45 ,g%%g m c?%%’ﬁ’o?\rea 46.
The processommigifation thired. chnereceraebdimenanhd hpuing ddvincledes. @mozable pordensv@nt -

cont oLl 1, GG Bl Ko gBIN S R? A SRURLES 0 gl TR PH by 2
power suppl yiffefEnploges, pietares, or symbols.
25 The display 30 of exemplary display device 40 may be any of a variety of displays,
including a bi-stable display, as described herein. In other embodiments, the display 30 includes
a flat-panel display, such as plasma, EL, OLED, STN LCD, or TFT LCD as descnibed above, or a
non-flat-panel display, such as a CRT or other tube device, as is well known to those of skill in
the art. However, for purposes of describing the present embodiment, the display 30 includes an
30  interferometric modulator display, as described herein.
The components of one embodiment of exemplary display device 40 are schematically
illustrated in Figure 23B. The illustrated exemplary display device 40 includes a housing 41 and
can include additional components at least partially enclosed therein. For exampie, in one

embodiment, the exemplary display device 40 includes a network interface 27 that includes an

35  antenna 43 which is coupled to a transceiver 47. The transceiver 47 is connected o a processor
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power to all components as required by the particul ar exenplary displ ay

devi ce 40 design. The network interface 27 includes the antenna 43 and the
transcei ver 47 so that the exenplary display device 40 can comunicate with
one ore nore devices over a network. In one enbodi ment the network
interface 2 - .also h one;. essl papiliti to.relieve 1
requirenentéLgﬁxgﬂg‘%Pg%%gggfgg%g&ﬁﬁ%ﬁggggﬁgg'2§k1%mgﬁ§n%%?gﬁﬁg%fﬁﬁﬁ%1P%

t hose of skiddfighad thend@nt a bignalt(¢. a8 wT & tighd). aitd coadigonihIgrdignsd 8 colmctede
enbodi nent, the antenna transmts and receives, . RF signals according to the

| EEE 802. 11'%t 8 i Ah MAPRAg e 1@0329%;15(35?1, IS(%S)O_,COg?eCtea)tQ an wpuigleehed
embodi ment, ;e 4gh eBRRIES FNSTR &iv@NEbriB8&1 2068 chipi&l @NAkanARERS g8 NFatPad he
BLUETOOTH standard. In the case of a cellular tel'ephone, the antenna is

desi gnedS t oamacénvge 22,57 0EVA, tu@SK| coNgStoos displae rrrich 6thn Aspayrealseppih i prvidesised
to comunicate within a wireless cel ne ne rk. The t.ransceiver 47

br e pr ocess Ee R TR RGB! e pRURES REWIRY g L8 h P HETREY vay e
recei ved by and T bhieorkniarifac 2t adludys thhenpemces sod thdlirantftvet HARSQRItRBE 47
al so processes signals received fromthe processor 21 so that they nay be
transni t t edFFERY HEPIIEXITH PAFIP PSP e fati e CHOTYP 4HiFE OU  @RMAT4 3R 90F | n
an al t er nat L }eodeAhe dhdRithvorktiBRrhdeaRB 6RL URE Hhie Gafe ??océs%ﬂn'g% s o el ver.
In yet another alternative enbodi nent, network interface 27 can be replaced
by an i Magereguigaments afieariocessan 25t Sheansgnny 47 e any enieprrgnodatia thoee ¢feskdbintthe o

t he processg . 1 ' S L gital Lyi di sc
(VD or a A rapsetinf SR Rind Qs R0GneAMlinent ) BfEnfh Bl Bna BRSO

t hat gener aREsignamgecotdit@to @6 IPED G833 stagdard) enmdudihg JEREDBIX 0 =, (bheorager & |
operation of the exenplary.display device 4Q. The cessor 21 receives
data. such WD HEUES ) WhoRTEIR o TVBI (. FSENGT RU RABFR oI Peofe (i

i mage sour CBLUBMOOPHAERESES Ii e dat ¢ o dlitlaf @WphdiROBe datMadl désitined & fetdivat
that is readikéhgggocessed into rawLinage data. The processor_ 21 then sends
the protessell M- SRR onfthey Epowrgenetsohat e vy gromgpicairebitrrgrelesscdlbr
storage. Raypglabhamwbdd el thahsdeRlef B plelprbditsel Meidhls! 10RieB3lon3 e 4R 49 & the
i mge characteristics at each |OC&FIOn w thin an imge. For exanple, such

i mage char Biet ey mey beresaived canddurtlss ngnipulated hyabe precesserd lgridy frenscbiwen £ el |

I n one enbog b S i nelude £ hQ nQl .

[ ogi o uni ¢ T PRk Bl REERaRfokine Ecedf 21 B Maf L0 SPL 18 Bl Hom e
Condi t i oni negehpladidispaySRvigedkyiaktieyntepmci3udes anplifiers and filters for
transmtt{ing sighals.to the aker 44  and f recei vin i gnal.s 35 from
th mi cfbphone. 48 TR T Al eS8 hay BEoI PR ¥ E6tHirerr et

Wi t hin the anbtheexenpalios smiaidipng el @erfddd, 27afn bayepheed icaripageabede WitHidh n
the processor 21 or other copponents. The driver_coptroller 29 takes the
raw i mge dSPS'YeNes A2l Byes e 56 SEU I P PIOETPhet in"'P%‘EEIF’Qh@f‘!“&ﬁfFWé"e
processor 2danQe zf&i%ﬂiltﬂt@o fsanBVDY bf @hardBiiRnHive RLLHMAifs (e lidW drBgdwdat a 5
appropriately for.high speed transm ssion to the array driver 22.

Speci fi cal | podultdatgieneryps image data.

25 Processor 21 generally controls the overall operation of the exemplary display device 40.
The processor 21 receives data, such as compressed image data from the network interface 27 or
an image source, and processes the data into raw image data or into a format that is readily
processed into raw image data. The processor 21 then sends the processed data to the driver
controller 29 or to frame buffer 28 for storage. Raw data typically refers to the information that

30  identifies the image characteristics at each location within an image. For example, such image
characteristics can include color, saturation, and gray-scale level.

In one embodiment, the processor 21 includes a microcontroller, CPU, or logic unit to
control operation of the exemplary display device 40. Conditioning hardware 52 generally
includes amplifiers and filters for transmitting signals to the speaker 44, and for receiving signals

35  from the microphone 46. Conditioning hardware 52 may be discrete components within the
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controller 29 reformats the raw i nage data into a data fl ow having a
raster-like format, such that it has a tine order suitable for scanning
across the display array 30. Then the driver controller 29 sends the
formatted information to the array driver 22. Al though a driver controller
29, such as ZXempleD gispiey skries 40; OF ghtveRe d8BRITAEd Vit rhe REOCES QR e PrB®éEssor
21 as a stangs ﬁ&ﬂﬂﬁ Integrated 10 Circuit (1C), such controllers may be

i npl enented 1 n many ways. They nay be enbedded in the processor 21 as

har dwar e, enbeddékeiduveh@npolize 83sdwes Bik ras nsagetdmrgpemted fow|they priopdseng r2Ategibr i n

he 1 or mat t o7 Rt BRAEY BROFMBAL A Podrmediyfer af Pt S Rt EroPiHet 8o n

vi deo dasa ldpls@ datdr ot |h§|h §etd qansmséﬁ)fn%nﬁ;etmy BFver a@pl ré@dlfmw thel Briker MES
per second to t e hundreds and sonetinmes thousands of |eads comng fromthe

di spl ay' s x-cogiraligt 79 s@qufﬂaﬁéutb@ew impge cbr@eﬂ@ﬁﬁ@aif}?@frhavmgweaﬂ?rrlwérfowmswélthaér
29, array drj : r i e
types of di s]ﬂ \ég%/él%gg%??%gglé er%}e{?n?{fn %¥ro§§g§§<§ Iaé gggne ee[ |Vﬁg%,ﬁ8ﬁe(§tr2?ver
control | er 2éndsshedommtieed mfaronmadn tditlseHray dnwﬂﬁomthﬂugbla davhlcosﬂrcﬂbf 29, duchpk ay-

controller ( .,..an 20 interfer tric nmodul ator contro n anot her
rbod: ent , P sl dy S T on b el SHAP PrOEFORA G S B RUP BT ol oy
driver (8. g.Gircai (IONs8EH QROSIRYS iy Biplohchted o Slyaydys. THeyOnsy beesheMicamnbe 2
driver controller -9 is integrated with the array driver 22. Such an

enbodi ment  PECeEIAbAS PATINRIGhEPLsASed it eaocsrst dhes $aEN21s ot BillyuiniserasAdhes,
wat ches, anq,QLAR" Wil hrf'deder 21 SPl @ys. I n yet another embodi ment, display
array 30 is a typical display array or a bi-stable 25 display array (e.g.,
a di spl ay i ncl udilivgically, ab¢ ayapfdrivert 82 freseonetthe (ﬁOIWBMI atfmrsl)ion Troan it}wpdltiver
device 48 al| e ont r ex | ar S y
devi ce 40. Inﬁ\ﬁlepzdrjt% deftognaIQStrﬂEV%e?Ega m? aﬂiie Set? %‘ée% ghgga g@ﬁgﬁlﬁn
QNERTY keybaartes pchBcoad tethe ptivainels kﬁymdnmas thoistais of Radsnohddy frém the display’s x-

t ouch- senS|t|ve scfr a pressure- or heat-sensitive nmnenbrane. In one
enbodi nent, hone 46 is an i nput device for the exenplary display
30 device 40 V%emohélemmd@ﬁa@hﬁ@an% coftrdiie£ 00, ladray ARV ahR Biepik &N £€,
voi ce conmands may be prOV|ded by a_ user for controlllng operations of the

exenpl ary dPBPPRIACEY PREC4D: YPHE displappisrorted berini er GHeP: npresripodimedner gy
storage devijges c@ﬁtr&fe?Z%l |coKMVi6‘na¥ Bishi contbiler of @ bi-SXRERIsEy LohiRNE: (e.g., an
enbodi ment, power supply 50 is a rechargeable battery,’ StIC% as a

ni ckel - 8ddminierfesemetae ywéqﬂatar ¢antTpiarm ln@notbatemé’pshmemm agpvodriver 22 spordnyrshonal
power suppl e I a l

cell, incl ugf‘%g &érsgabégé?dlb{:e gﬁ r d@é I é‘§ (}MF%%O%%F? %B‘?l@hgt%l n‘tsagx)n 3’?\0? ‘fﬂer
enbodi nment , epbdwdimeLipddiver EdtroBercong 1n@|gra&(d with themy\mivpxdm?[%ucfwanrmﬂmwaiem is

tlet. | t bi lit [ ,
descri bed aBOTEon TR MEPRGT TP EI SR Por R AR B HebEaced T SBULPe
places int hepleysectnrﬂnhﬁomhr RbEJmSS BTy hriPaySINNGE aTyias @cpl@NimaPlor a bi-stable

progran’mabllltly resides in the array driver 22. Thgose of skill in the art
will display array (e.g. adlsplav mcluding an array of interferometric modulators).

The input device 48 allows a user to control the operation of the exemplary display
device 40. In one embodiment, input device 48 includes a keypad, such as a QWERTY keyboard
or a telephone keypad, a bution, a switch, a touch-sensitive screen, a pressure- or heat-sensitive
membrane. In one embodiment, the microphone 46 is an input device for the exemplary display

30  device 40. When the microphone 46 is used to input data to the device, voice commands may be
provided by a user for controlling operations of the exemplary display device 40.

Power supply 50 can include a variety of energy storage devices as are well known in the
art. For example, in one embodiment, power supply 50 is a rechargeable batiery, such as a
nickel-cadmium battery or a lithium ion battery. In another embodiment, power supply 50 is a

35  renewable energy source, a capacitor, or a solar cell, including a plastic solar cell, and solar-cell
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recogni ze that the above-described optim zation may be inplenented in any
nunber of hardware and/or software conponents and in various
configurations. Other enbodinments are within the scope of the foll ow ng
claims: WHAT IS CLAIMED I S: 1: An optical device, conprising: a

non-t r ansparkett- JeBEYthestembodingent, PoWeLTuPRlY| 50| iararfigwrdcle feeeive pPavsadtompamalial | y
transnissivqm?ad at least partially reflective to incident light; and a
second optical Tayer which is at least partially reflective to incident
light, the secorld sopeiiggleneatptonsspageldpbgrommahidityf rasgies, oot desadbed ayeve, in a
wherein at |east one, of the first aptical |ayer _and the second optjcal

| ayer is no\fjé’ﬁ?recoﬂté@fégﬁmg 31 bepeaty P?VSWE %af% "éthfiegﬁgttmm%&g@%?’n%éte%etr\/@g@ﬁ t he
first and seeepdonplligadrath@Mans Rfdesain IRE ARE) BORIr 220t Bf 3kiBg6aRd art will

di stance between the first and second optical |ayers, wherein novenent of
the at | eastrecogpige Bt thiebore-feseribsgiopimization ety bedaplemsnisd By nepbsroAbarwirer
bet ween the f] I ates the reflectivity of the
devi ce. 2. fﬁ§5§%ﬁ?§%‘%@5%?g§§?§?”ﬁ%§§§?ﬁﬂg ég%?rst optical layer is spaced
fromthe substr ditker eimhedizentsard wothin thascopenfare foBovhisg weams: t he substrate and
the first optical l|ayer, the second optical |ayer is novable between the
first and second positions. 3. The device of CQaim1l, wherein the substrate
conprises the second optical layer and the first optical |ayer is novable
between the first and second positions. 4. The device of Claim1, wherein
the substrate conmprises a netal. 5. The device of Caim4, wherein the
substrate conprises steel. b. The device of Caim4, wherein the substrate
conprises alumnum 7. The device of Claim4, wherein the substrate

conprises a netal foil. & The device of Claim1, wherein the substrate
conprises a plastic material. Y 9. The device of daim1l, wherein the
substrate is flexible. 10. The device of Caim1l, wherein the substrate
conprises a ceramc material. 11. The device of Claim1, wherein the

substrate conprises silicon. 12. The device of Claim1l, wherein the
substrate conprises circuitry, and wherein the substrate is sufficiently
non-transparent to shield the circuitry fromlight. 13. The device of Caim
12, wherein the circuitry conprises control circuitry for the device. 14.
The device of Caim1l, further conprising an illum nation source, wherein
the substrate is sufficiently reflective to reduce |loss of light fromthe
illum nation source through the substrate.
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15. The device of Caiml1l, wherein the substrate conprises a printed circuit
board. M The device of Claiml, wherein the substrate conprises a
conductive layer. -49= 17. The device of Caim 16, wherein the second
optical |ayer noves between the first position and the second position in
response to voltages applied to the conductive |ayer. 18. The device of
Caim16, wigpgirds dnailepst: optical |ayer noves between the first position
and the second position Tn response to voltages applied to the conductive

| ayer. 19. The déV|cez%ﬁmxméﬂnwmﬁcommn$MEr conpri sing conductive traces
electrically coupled A a%m§%99§&5m¥P | ayer, wherein the substrate matches
an optical appearance %

uctive traces. 20. The device of Caiml,
wherein the device has f&stdﬁilk&lﬂéyaf ehlvhvd fideat polialy, traandissithendsdi paktr@tally

mat ches the color._ 21. The device of Caim1, wherein the device has a dark
state in which tRdeqavseacident lghbabdint i al Iy non-reflective, and the
substrate is substantiaklopdMPhed Hykeehick & at ddast i1y S¥icBvdlo lgél@e'nmléht the
wherein the substrate conprises a conductive layer and a dielectri¢ 1ayer
on the conduct|v@ﬂma@ewﬂﬂhhﬁﬁwhéﬁémﬁna@eﬁeﬁs@m@hbyﬁfWhﬂen@bhdﬂ®n¢v%mtéy@r
and the dielectrigc en ey,

wherein the subst u(iai B gsangﬁ}e@c%negp%g%& ‘\elfle}éeﬁlmé . eef 4 dr&lﬂofln% ‘é"?h %r '
about 1.0 ml|i maisece Eeﬂweefh& filevindaea@ihnd théxlamai.crs fnurzt e 6ndC@BINbh S}ﬁthg se:ond
processor that |s in electri nication with the substrate

processor bei ng YEEHFS ‘éeé' ﬁ%fﬁf B’E@J‘?m? al Jaxezs, W ﬁﬁmamﬁ‘é%ﬂ]&/"fo‘@?/ I"‘tcléasf n

el ectrical comughgat ineWriidphicdl M ePiRICEHS $Qbnd gﬁmlﬁlaferdﬁwe@@ P firkd Al Recdle
further conprising a driver circuit configured to send at | east one signal
to the substrat ePO%‘G)“SW?é“]G‘é%ihééefBF“‘GyﬁFheziS‘”Cﬁf urther conprising., a
control | er_configur ed1hp @R oflciah 135t mgrﬁrgtoagtﬁm e nBAGadaLA ho the
driver circuit. C5 27. The device of Claim 2 onprising an | mage
Sour ce rmduIS@Str@mfth@%ﬂC@di optical daatlisthiheveemtigsulihtreia a0 d theliastppbad kgor the 3@ondThe
devi ce of O TR Ie conprises at |east one
of a recelve ﬁgﬁgﬁgﬁ%gkmm&n%1%?%%gﬁfﬁ¥&%ﬁpg§p’?he device of Caim 24,
further conpr | si Bg an The geMicecdd \ildm I¢ ovhbieguibeshbbtoate am@pnses the Bgetitid ¢adcd lard t o

conmuni cat e t‘p% &_ P alta to th roces P (% optical device
c OITpI‘I sin g the first optical layer s movable between the hirst an secondp Sitioms.

4. The device of Claim 1, wherein the substrate comprises a metal.

5. The device of Claim 4, wherein the substrate comprises steel.

6. The device of Claim 4, wherein the substrate comprises aluminum.

7. The device of Claim 4, wherein the substrate comprises a metal foil.

8. The device of Claim 1, wherein the substrate comprises a plastic material.

9? The device of Claim 1, wherein the substrate is flexible.

10. The device of Claim 1, wherein the substrate comprises a ceramic material.

11. The device 6f Claim 1, wherein the substrate comprises silicon.

12, The device of Claim 11, wherein the substrate comprises circuitry, and wherein

the substrate is sufficiently non-transparent to shield the circuitry from light.

13. The device of Claim 12, wherein the circuitry comprises control circuitry for the
device.

14. The device of Claim 1, further comprising an illumination source, wherein the

substrate is sufficiently reflective to reduce loss of light from the illumination source through the

substrate.
15. The device of Claim 1, wherein the substrate comprises a printed circuit board.
16. The device of Claim 1, wherein the substrate comprises a conductive layer.



first means for reflecting light, the first reflecting nmeans being at |east
partially transm ssive and at |east partially reflective to Incident

light-, second neans for reflecting light, the second reflecting nmeans being
at least partially reflective to incident light, the second reflecting
means spaced fro 50.ref neans, wherein at | east one

t h t t t
the first reflec eﬁéééhgw%?n?f ‘R i g‘%l gg n ther SeEd; PRHCAdAYFE "?c%'e?rg?}g(ﬁ?“ '

bet ween a flﬁrrsstyosn%laha 08 siohdip@itloh kislesdhét taRER oes éﬂf&ﬁ&i’ltott}lila%onadch% lab&f | ecting
means and the second reflecting nmeans and a second position with -a second

di stance betweenl®he P deviqeek (e oy Whwraishakint 9%@%@&@%@%@6% the it ans,
wher ei n ”D"?SE‘E% 8k thteggcoﬂz?) JsBRG in Eﬂﬁ% %Ttowﬁa obd z{p?hecf B EShRgyIBags and the

second reflecting neans Btween t rst and econ positions” nodul at es
the reflectivityldf thibe ddevi o;Cland 16e&nthef capmpnmmg)mbmdugma:t trhea sdlectrivallp f

the first and con reflecti ans, the s or in neans bein

non- transpaF%’F?f‘f1 tglt ‘Td"‘ftﬁ'f}é?)%r? e hec ?i’IbStfa;‘{/)EWc ¥h a%tif?‘iapps?fa% atiso,
wher ei n t hecsldpaRe rhddg. Means conpri ses a substrate. The device of Caim 30,
wherein the first refl ecting nmeans conprises an optical The device of Caim

30, wherein the S&écondhs &MEe Grimnediisrerofiprdeshan Bk state htinna cejpr, and

manuf act uri ng a?trﬁg}daﬁ:ﬂés tHeM&e conprising: providing a non-transparent
substrat e; nd form ng one or nore |layers on the non-transparent substrate,

t he one or m)r e 2l.ayelke demick aﬂChgn 1,avlferm1$thedptlca:@|s aldagkeslatwmvdhch the d¢vidednst

partially transm ssive ast arti eflective to incident |ight;
and a secon®™d tﬁ{'ﬁd@y’o’f'g?ggm an%ﬁ’els‘ébségte A ?ta%lgh 'y ﬁeb ﬁ\fé"fl ective to
incident |ight,21he Thcdnite opCiaall, Ma:yﬂ]ﬁ t}ﬁrsalﬁ}ﬁdtefcbﬁmléehe cbidusfiveapfer 6d a

llayer, wherein at least one of the first optical |layer and the second
optical | ay@FlefiEc iRyFats Be FRICHRNA laer f”edr‘gleerﬁaét Frbanatthe sonenee lyeiribe
bet ween t hegbletst s RGCPRhapit. i cal layers and a second position with a
second di stance between the first and second optical |ayers, wherein
movenent of the &t Ie?i%ﬂcd%é obflaimd. Vhergip thsptubeieate hagyethic pemeengbey Pl

opti cal 'ayﬁhh?@&.‘f’}‘ﬁﬁ%b&&?Ofrﬁxflﬁﬁete?”d second positions nodul ates the

reflectivity o evi ce
The device of Claim 1, further comprising

a processor that is in electrical communication with the substrate, the processor
being configured to process image data; and
a memory device in electrical communication with the processor.
25. The device of Claim 24, further comprising a driver circuit configured to send at
least one signal to the substrate.
26. The device of Clana 25, further comprising a controller configured to send at
Ieaast a portion of the image data to the driver circuit.
27. The device of Claim 24, further comprising an image source module configured
to send the image data to the processor.
28. The device of Claim 26, wherein the image source module comprises at least one
of a receiver, transceiver, and transmitter.
29. The device of Claim 24, further comprising an input device configured to receive
input data and to communicate the input data to the processor.
30. An optical device comprising:
first means for reflecting light, the first reflecting means being at least partially
transmissive and at least partially reflective to incident light;
second means for reflecting light, the second reflecting means being at least

partially reflective to incident light, the second reflecting means spaced from the first
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35. The nethod of C aim 34, wherein the substrate conprises netal foil. 36.
The nmethod of C aim 34, wherein the substrate conprises plastic. 37. The
met hod of Cl aim 34, wherein the substrate conprises silicon. 38. The nethod
of Claim 34, wherein formng the one or nore | ayers conprises

phot ol i t hography, and the substrate js substa |aII nan-trans nt to
| i ght used durind f? B"e BlidftSol™ iFrFiH‘g?aiﬁPﬁ 0"35)& gﬁf %F%S&a'&'ﬁ E‘%r g‘?rﬁe‘é’&d
wherein forning trbgcONemeins 1O hRVARY 66tSe GO Pk %@ﬁnonusnm fERIAi g1 Wetkven the
processi ng equi pnent. 0. An optical device formed by the method of daim

34. 41. A met hodigfrefesang acpmgand Ghtsecopf delipstiromeansmndi s pasgad Pesitiowi Wity an
optical device C%E%%b Hikce @et@g%]n Fhreaﬂ%rp%@a& SHOS!E LAl 91 &C(% drx%heé?ﬂg rﬁ?eghs
east d “at art

| ayer which is at parti al transm ssi e an eas
reflective to incildeit niovghﬁm oanhie at R:emomel abpbe Ciadt refdeeeng \mhnnshandsmatsedoeast

partially reflectiyve .to incident t he second o cal | ayer d
Prom the f1 1t opfiute PebHvHHEPEIR 43¢ TETEAPOSGRE BIWHE 1 FUERRE Pegr

| ayer and the segene.qriical |ayer is novable between a first position with
a first distance between the first and second optical |ayers and a second
position with a secondredissionseponee bk &asttane of iliesfirsand sseandreflespes waans, the

| ayers; and novi Qg%atronﬁw%efulns%ﬁ{g gg@rag arten(ﬁ first optical |layer and the

second opti cal Iatl e device with i ght -52
The device of Claim 30, wherem the supporting means comprises a substrate.

32. The device of Claim 30, wherein the first reflecting means comprises an optical
layer.
33. The device of Claim 30, wherein the second reflecting means comprises an
optical layer.
34. A method of manufacturing an optical device comprising:
providing a non-transparent substrate; and
forming one or more layers on the non-transparent substrate, the one or more
layers including:
a first optical layer which is at least partially transmissive and at Jeast
partially reflective to incident light; and
a second optical layer which is at least partially reflective to incident
light, the second optical layer spaced from the first optical layer, wherein at least
one of the first optical layer and the second optical layer is movable between a
first position with a first distance between the first and second optical layers and
a second position with a second distance between the first and second optical
layers, whefcin movement of the at least one of the first optical layer and the
second optical layer between the first and second positions modulates the

reflectivity of the device.

35. The method of Claim 34, wherein the substrate comprises metal foil.

36. The method of Claim 34, wherein the substrate comprises plastic.

37 The method of Claim 34, wherein the substrate comprises silicon.

38. The method of Claim 34, wherein forming the one or more layers comprises

photolithography, and the subsirate is substantially non-transparent to light used during the

photolithography.
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39. The method of Claim 34, wherein forming the one or more layers comprises
using scmiconduc‘:tor processing equipment,
40. An optical device formed by the method of Claim 34.
41. A method of modulating light, the method comprising:
providing an optical device comprising:
a non-transparent substrate;
a first optical layer which is at least partially transmissive and at least
partially reflective to incident light; and
a second optical layer which is at least partially reflective to incident
light, the second optical layer spaced from the first optical layer, wherein at Jeast
one of the first optical layer and the second optical layer is movable between a
first position with a first distance between the first and second optical layers and
a second position with a second distance between the first and second optical
layers; and
moving the at least one of the first optical layer and the second optical layer

while irradiating the device with light.
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