PHOTONI C MEM5S AND STRUCTURES Background This invention relates to

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

M cromechani 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 layers or that add layers to formelectrical and

el ectronmechani cal devices. One type of MEMS device is called an
interferometric nodul at or. RHQRENICMEMS ANINETRBCTURESer f erometric 10
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nmeans i s Summary

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
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Descri ptd onthe@§¥€e- 1A i s a schematic cross-section of an exenplary display
substrate incorpgrkhin Qm%\hm@:ﬁ& 'a':ﬁ&ﬁdd%&du‘i}ft‘esq%ﬁi |3 rAdcbd ch@H:Ee@bﬁQ]dmg an
suppl emental |ighting. B 'schematically illustrates another scheme for
suppl enent apptichlgdevicag. The DBUqal @V@ copipEpestd nen-transpargny substrates The optidag deyiicean

exenpl ary f ﬁp(flérccgﬁxblq&s Qrﬁ?sqgﬁécaplfaye? which is at least partially transmissive and at least partially

reflective to 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.



m cromachi ned arc |l anp source. FIG 3 illustrates an exenplary bias centered
driving schene for arrays of interferonetric nodulators in a display. 5
FIG 4A is a diagramwhich illustrates an exenplary col or display schene
based on the concept of "base+pignent.” FIG 4B is a block diagram of an

exenpl ary systemgjhab RQEaMiRes fifisudibelgalie o0 i Qiéﬁﬁapalrf fatH R Yroe QO LJEl £
products. FIG 4C schematicall'y illustrates an exenplary general - pur pose
di spl ay- cenmri¢rompehid otc. lamp $ourleG 5A schematically illustrates an exenplary
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schenat i cal inodulhlotsSh b afsplay.t he interferonmetric nodulator of FIG S5A in the
actuated state. 15 FIG 5Cis a_plot show ng the performance of the

interferdnetric FHeAaisrdizpaan yhnchillusirptesan examply opr displayschamediased i théi t e

state. FIG Cér%é]%(f)?bag‘%f%@n wi ng the performance of the interferonetric

nodul at or desi A and 5B in several color states. FIG 6A

schemati cal | y i | FiGt4Bat @ bloakdibgrem of xeegeinplayy systemrthe poovides foz finlddedoafiguratidhat
20 decoupl ea. the optical behavior fromthe el ectronechani cal behavi or and
whi ch hi des 9Py € POUCt ruct ure, the interferometric modul ator shown in

the un-actuated $QUE: schekfaticR ihEhREPI éi@l!nbl\iryi__%ehéi'ﬁt uffo8S dibglfy -t phduanet ric
nmodul ator of FIG_6A in the actuated state. 'FIG 7A’'schematically
illustr@@es an eXKipdlhaschematicahyfilngvies ph exempdary intesferefetiigmodiiator gep@etny thai zes
ani sot r opi cgl | th . rapes, . | ne st a E B . sc i cal |

I 1l ustrat esg?cﬁépligsntthgr%ﬁ @C%]o%q%f)gﬂ%] ]d? rgllte %lr'm%efs' ﬁﬂcé be}lh%?rh Sg@no Q?S@Lg ‘g?aé.d FI G
8A schematigadl y illustrates an exenplary interferonetric nodul ator that

utilizes rotatignal_actuation. 30 FIG 8B schematical]y illustrates an
exenpl ary fabri cBt-otP §§'&H’éﬂ‘&"é‘ydﬁ“§tﬁ@s tf"i"\t"@?‘%"é?‘a?fﬁf r‘Wf’“%ﬂHu‘Pfaﬁﬁa%’f ks gA
FIG 9A is gmbliaGkid agram of an exenplary MEMS switch. FIG 9B is a block

di agram of an exenplary row driver based on MEM5 switches. FIG 9Cis a
bl ock diagram of 5Exde rrlefrapowing ukmpedformence lof thednigrenvmrigc Jygdularne designef Fl G

9D is a bl Oﬁf?}s‘%ﬁ%@%%‘cthgﬁaﬁ%ﬁﬁ'@hﬁé¥tat'é'.AND gate based on MEMS switches. -3

FIG. 5D is a plot showing the performance of the interferometric modulator design of
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.
FIG 7A schematically illustrates an exemplary interferometric modulator design that
25  utilizes anisotropically siressed membranes, in one state.
FIG. 7B schematically 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. 8A.
FIG. %A 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 2 block diagram of an exemplary NAND gate based on MEMS switches.



FIG 9E is a block diagram of an exenplary display systemincorporating MEMS
based |ogic and driver conponents. 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

iructure. P o TIGETE R PR P SO Ehial G080 R BRGo AR MBSy,

phot oni ¢ st Idgiddnd drivdricempdnéntschermatical ly illustrates an exenplary 3-D
photonic structure. FIG_ 13A schematically illust ra%q s an exen%lpar,y
t

interferonetric FodullQAolOH srhemaisally flivgirata ghe stiyetiteo FADREAOR, 30d: WERUPH of ARk

un- act uat ed e g:2ify MEMS swirtB, Schematically illustrates the interferonetric
nmodul ator of FI'G 13A in the actuated state. FIG 13C schematically
illustrafes an eXHifplalandilfkénftrategwetaltéroative dxdmplayy switchalepgasat i ng a periodic
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schemati cal |y i| Fistil BséematicaBiy dlieiraésyan\eRémyiliry @ricic 2-Diphblofic efidnire.C
nodul ator of FIG 14A that acts as an optical attenyator. FIG 15A
schematical |y i | Flésd? sehematigallp ilustmtesap exomplary SrRpROmGSIsdist at or t hat

functions 20 asppi 18Rk aGSYY iRk ﬁ%%ﬁ@?gﬁ%&&%%c :&hﬁa@&ﬁ%ﬁ%d%“ g

schematically illustrates a cofbination o eronetric no
as a NN opmicaringsimittare in fhk Gn-adibatetdigeat ical ly il lustrates an exenpl ary

fabrication sequ e for. a tunabl interferaqnetri.c nodul atar_structure. 25
FIG 17A schemat [RaI 1 foheenly lstugiescbe, piedertme ik mpdalaiat od G, 4o ke
nodul at or  gdya@istakee | Nncorporated into a wavel ength selective switch. FIG

17B schematically illustrates the wavel ength selective swtch of FIG 17A
further i ncor pofit il3g sdwmaticaly dlustrajes ancexemplamy dnterferometrip siedulptonincgrporating

illustrates - 13,0 ; ts integrated with the 30 wavel ength
1 R foeREr

selective s A'1's a schematic representation of an exenplary
t wo- chatthel equaFKk é4A sthematicallf ilBstrd&Binsstrophatyi intetférgmetrit ustivlatoewhigh acts as
exenpl ary i npl ntation of the equalizer/mxer of FIG 18A using
interferone%?‘?pggﬁﬁﬂﬁ? tor based conponents. FIG 19 schematically

illustrates a copid. nUB4shevRcANFSREktrhRO AN Ehiphity PAREES S interférometric modulator
of FIG. 14A that acts as an optical attenuator.
FIG. 15A schematically illustrates an exemplary 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.
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FI GS. 20A- 20F schematically illustrate deformations in the nmenbrane | ayer of
an interferonetric nodulator |eading to changes in the colors displayed by

the interferonmetric nodulator: FIG 20G schematically illustrates an
exenplary systemthat can be used to assess the residual stress state of a
deposited film 5 FIGS. 21A-21E schematically illustrate discontinuous
films. FIG 21A spd@muA-26H bohemhtidalptildkt@e dforfnsB6R! Al the f REMBRe Ryer of an

di scontinuous filmthat has unique antireflective properties. FIGS. 21B and
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(PDAs), hand- hel HGS! 230 akPdd Beare @y BloSk digEidms ﬂnﬁﬂratmg&b RAMhJRY Aisplay S8R as,
MP3 25 players, canctorders, game consoles, wist watches, clocks,

cal cul ator scompspiag fnisTisFmasHG mpdulatomy ot panel  di spl ays, computer nonitors,
aut o di spl ays (91'19: 01]9\9 ﬁﬁ]gdj Hésglzﬁ}'on 1§td§eétc 431?& speORE eBlbSdimBMS 0P the,

di spl ays, display o a VI ews | sp ay arear view canera in a
vehicle), isventibn. oﬁoweyﬂwh@grvamm cag |be embodied irba mubivadedsf differgit grags. In this
proj ectors archltec Str ur.es ac and_aesthetic str. clur es
(e O oot kg 48 raHEMS LS aranBRS SR Rl B BTetiel GG o,
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applicati ons .such as in electroni.c switching, devices. Anti-reflective
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as 99.7%of light which is incid
contemplated that the embodiments may be implemented in or associated with a variety of

electronic devices such as, but not limited to, mobile telephones, wireless devices, personal data
assistants ZPDAS), 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 conirols
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 atiribute 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,



35 upon it. This high dark state efficiency is useful in reflective
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by the mterferometnc modulator array 108 and a darker display state can be obtained when the
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.
Inteprated 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 amay 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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W th xenon. Next, in step 3, electrode layer 206 is deposited and patterned to form two separate
25  electrodes. This material could be a refractory metal like tungsten and would have a thickness
that is sufficient to provide mechanical support, on the order of several thousand angstroms. Then
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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t he di spl ay th scures from
is coated with a material or thin film stack 126 which presents a reflective surface towards

25  substrate 112 and an absorbing surface towards the viewer 128,

When light trapped within the gunide is incident upon the scatter pad, the conditions for
total internal 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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25  Interferometric 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 Vcol1 is exactly twice
the value of Vbias, and Vcol0 is zero volts. 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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designs that are capable of achieving color states, dark or black states, and white states in the

25  same interferometric modulator. This capability can be used to achieve a color scheme that can
be described as “base+pigment.” This terminology is used because the approach is analogous to
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 results
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L]
displayed at a given time.

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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t hat ha§ a ﬁn@gﬁé@n?gm@fmsmhgl c device or equivalent at its core 420. In
many di spl ay, ﬁter b{l&il?&foﬁ{%%&u@ J.ectronic products, such as PDAS (personal
digital assrst ts) and erectroni ¢ organi zers, the central processor is a
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of CPUs th aP lwtrgg]r,slaﬁ 3jso the functionality of the overall product. FIG. 4C shows an
exemplary configuration of a generic portable electronic product 418 that has a programmable

25  logic device or equivalent at its core 420. In many display centric personal electronic 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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nodul at or
25  milliwatts versus the several hundred milliwatts consumed by existing products.

-

Decoupling Electromechanical Aspects From Optical Aspects

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.
5A, 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,

13-



designs that propose to decouple the el ectromechani cal performance of an
interferonetric nodulator fromits optical performance. Certain enbodi nents
described herein utilize an 30 inverse-type interferometric nodul at or
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i nt er f er onemembrapg/oiret>0e of the exempdary indaxberametricnediiitenof FlGi5le dsishewmmiRlGal
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25  cavity and therefore the optical properties of the interferometric modulator. FIG. 5C shows one
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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state 521 when the device is fully actuated, and a white state 523 when the
device is not fully actuated. FIG 5D shows an exenplary optical response
wi th col or peaks 525, 527, and 529, corresponding to the colors bl ue,
green, and red respectively. The el ectronechani cal behavior of 30 the device
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interferonetric no 20 designs, like ose In U S Patent
No. 6, 045, Oc&@gnsadilkc elwse descabddethSePztmtchecﬁ B0 A, actngveng reflecovd eldapd staend a
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25  standing wave is moved out of position, reflecting blue, green, or red light, depending on the
predetermined 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, resulting 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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predet er mi ned spaci ng between the dielectric 2206 and the nechani cal / m nor

| ayer 2210. By narrowi ng the spacing between the netallic mnor |ayer 2214
and the nechanical/mrror layer 2210, the nodul ator can reflect
substantially all wavelengths in the visible spectrum resulting in a
reflective e e o] r L ewer
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to the sbde light infpenginp en ke uy)puiamnt?.éﬁ(} Epmnibt rdisplayosidd antdobeifg ondulatéd byhthe h

the vi ewer s th duI bstrafe 2202, .the condu r. 2204,
bng theai BT G2 dpr Sty etecléd by he Bt Bl B et 202 mé
nmechani cal / ibgduetor tZIMeér tﬂaaﬁlecﬁqbqaaryelbzaosl THakRk, APaPGintenbolinieh, AR @Y ofi de
of the mechanical /mrror | ayer 2210. In certai n enbodi ments in which the

mechani cal / her subptraten g202, dhe) gondycter BAMannd Hiel dielagiric tlayan 3 eant bq ehagen tof bt | y
flect t 200 d
ind bei ng. ot e nch FRRRRIAC G obite TBaHY et BBl 15 igheS o Bl 7,

the optilgal epbojimeits,elte sbstiatec22621bumtpriatsah@@ductér 204, clendieledity a2 Q206, or botthe

dielectric |layer 220 Therefore, . in cgot ai n enbodi nents, at |east one of

t he subst r athe condysior 2404 and the diglesiric)aisn2208nd t he diel ectric | ayer 2206 can be
chosen to be  SURShaR!obiheRQMn WHRHSRAe&Roné Of Gho SRR Cthe RbAHRLYr, and the
reflective, or translucent) to light. In certain 10 embodi nents, the

substrat e 28Bkcigigniayérses thenmnvesntipe tiolerforpaatrict medulited erst nmetr:lrageeqmt 2706de or
bot h thec uctor t. 22 Certain nts
in which at easgesonr?ﬁ%ﬁ‘dqﬁeﬂ%g Ilsvtg rabgjg %Hﬁ'gerg%ﬁt l{%ﬁgtoerlsnd% exam%pbﬁ@

| ayer ofi5t hénvemse e/ps dntérfqremétrit edddelapneliave condudtiNeatats o er Withintthanibprdte aﬁd
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modul at or s. hegs OBJuEHYS Eaces yisielegirically Goppled todt ?9‘}3’8“ 'of dt e pehsitte iscubtamtitlt or s

have CondUCErhﬁésarEﬁtatﬁes% cOftuetiveWakbdy din Lﬁﬁar% {ne ﬂisﬁla?‘ Gide totﬂae‘asatﬁlgn Astedut 6/
traces are electrically coupled to the conductor the substrate is

subst anti al wlbletﬂumogtmrsemturet Wéise theammstsetipe dnterferometric medulpipeia viewed fromtike
display sid I

Whon the | naighy B, e BRblrafin I ehe b rpckh SR SHERRR! PPl GllbLe
side, th@ corpbriphaty lmmw:n‘n rhdnﬁlmmhhﬁ:hlappaearsr faeesr \hnst inoﬁ*rd’lpattcﬂﬁnsipaﬂdiﬁbn light

substrate can uce er y bet en nodul at or s I ch rey
or has noi r&“ﬂﬁtgt g‘f‘ fedu f“ﬂr &816 tl‘f‘)’ egru"@‘ﬂ LHEEPITFY PPH’é’“Vrﬁ\’/g&l?l Sﬁgg'lgtegmwl?%el ow
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t he display side. Thus, displays utiliZi ng i nverse-type interferonmetric

modul at or s having M@nmqﬂhﬁ@ﬁéafw exhibit reduge C@ﬁﬁste’k]ﬁpmeweﬂ aemdeadispdayisidgst  when
viewed fromthe ggt?&i BisiS o rarr R Béhseﬁ?éﬁf iePdvollPthk $81uE@ boRfast 5 Hede? shéwy 1O

avoi d this reduc contrast, however
25  masking requires addmonal structure and processing steps to be added to the inverse-type

interferometric modulators. In certain embodiments, the substrate is selected to be non-

transparent (e.g., opaque, highly reflective, or translucent) so that it matches 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 matches 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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25 masking requires additional structure and processing steps to be added to
the inverse-type interferonetric nodulators. In certain enbodi nents, the
substrate is selected to be non- transparent (e.g., opaque, highly
reflective, or translucent) so that it matches the optical appearance of
the conduct o} uleaCfom ViEb &P Yeal RV b1 mGuintitdr! OFGR PRSdIRRSEEnINBriAuEH A
from the display side. In certaln other enbodi nents, the substrate iIs
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to the |ighthefdy rteadigy e ghmersins (i V6T it BRoipiHh g higaly- forpech irusraes. | iyht ),
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reduced or gl dind3besht Pk td)Pasive %ﬁdﬁ@ﬁ_& (@%.,th?ﬁﬁl&ﬁeéiﬁﬁ}@ﬁécﬁ%} iﬂhddors),
non-transparent to the photolithography light. In certalin enhbodi nents,

havi ng & noand acive gampenents (bgt, dides, Athusistoragintagited tenitd)dsFor (emataple.ya midicon

circuitry fromstray lJd.aht. certai.n enbodi nents, .the inverse-type.

it or fer oot Pt fihpethPlheed (VeS8 HBacae SEU watckTe By 6RA L MBRee ot o
si |icon) whihelintefsipmhéttie modulaetiarkdyy ,In céraéd ersbodfndits] suehkensingicirdtry €an RaSE] Ve
conponents (e.g., thin-fil mresistors, capacitors, inductors), 15 and active
conponent s [eemgnitor fhepgtae of each, mtezteppmetric mpdifston Wfhe ey (28 1o MBYide MemsNe, a
silicon subghbifli®) 6AD Qfsd AhAabRE SiplBRKLIHE ARG (V8. FPRVIAD tGichSbedd Y
which can be scaled to the size of the interferonetric nodulator array. In
cer t ai n2@nbewabilitiesy | Ingertdin etbersimbgdigiepts.he supsteatacomprises sentrod eirewini- t or t he

state of each i N GHOURLJ farlBHh A0 b diSnf i¥cifind) of uBLAY e

menory capabilities 0 sense ext orces applie
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enmbodi nent sﬂ] tFe uhstrate, conprises ¢ ntr@l Ci rc‘g‘;tr]%. I f thg substrate is
transpar ent ("% ¥ﬁ§e°F‘P%H1"_“8’asﬁ AEhIEHTENE TE Lﬁef'ﬁ}e Y e STkt PYUEDE $pa0-
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carriers in the circuitry, thereby affécting the noise and accuracy of

si gnal s2yengrajtight- by the circuitry. By using a non-

In certain embodiments, baving a non-transparent substrate 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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transparent substrate, the underlying circuitry of the substrate is
substantially protected from 25 stray light. In certain enbodi nents, having
a non-transparent substrate advantageously allows standard sem conduct or
processi ng equi pnent to be used to fabricate the interferonetric

modul ators. Bof.qXg +b§gmfiiﬂfg the SieRRMEk ofing gbeaa, gﬁfa‘dé ?iﬁée%hé AfcHivds llgpcon
substrates, various abrication steps are dependent on the orientation of
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use this existin roces i nt to fabricate .35 jnterferonetric _ .
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surfaces. THECESEReequipmeat can e tepsilyedsed go nlotm ghe ynterderemetric dngdulafash pvespthe cal
properties : | L st r | L hi to
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using a non{faneRabeMe SblEksmdttic (RodlatorSiabli&@0n , witth aREIytheS BsHtreP RAUGIPT
processing equi pment_can be easily used to formthe int erfyer onetric

modul at or s atione Fog gkampletstandayd sericopdicior pracessing $qRipmes -ap e tubed dprm
surface are bgtﬁ th® W&ol Hrddif §n farsgmcgp(ﬁlgﬁygté% msili%gnassldﬁ{tﬁ&eandl e qrﬁ%t&%{)/\lsﬂetric

enbodi ment s avi ng a non-transparent Tate advantageously a
I nt egr atlp on meHulhtoss annbeesubgraeet ri ¢ nodul at or fabrication with underlying

control circuitr fabrication. For exanple, standard sem conduct or
D oeeasi ng oaut piRSA AP ATRETER FarE g P B B R T NEEp TS e o

sem conduct @fea §&- cBntrol TirkdiGP Bnd SdvRthgedhsdy AAbcek MR doRdtRiHiLLsOtRtdd With ihRgrating
nodul ators on the substrate. In certain enbodi nents, havin

. SU .al . : . g.a .
non- t r ans paceltitol gy Aibinghe dpterejametsic ynodulatory s for ifierferomeirc modulaterst with
circuitry a r . I, Al 'ﬂ%gﬁ '

i ntegrati ng%é%ﬂﬁ%ﬁﬂg@?}éa %/hrey&\f/j\nbj(?ﬁci%ﬁaltnﬁet&?%? éra %g%lﬁr%'?% ?‘@%r%o u g}ﬁ%ﬁ;’g}d fl‘zf)r
i nt er f e2dne tmoiddatingdight tlereby Wantiting tboarts ofl the display whigh isloptieally activiee Itdo therefure

circuitry tagkes ar.ea ich c d.otherwi se be used for . 20 nodul at.in
L ont Eer Bigbit Ty B0 Poastlortt the b Hr e i B obton BrodlBy | B Heffe e
I't is therefRr eontdP Sircaibrly ewithinr 606 ethe hubRiedid | RIbwOTthd bptichl Sddlp¥nedise of LAk en

up by the control circuitry. By placing the control circuitry within or on
the subst r aitécrisemsiic MEdYpPTSe Sirtalioprlndinnss dyscrilied herein advantageously remove the

control cir::uitry from the display area and provide larger areas in which to form the control
25  circuitry.

In certain embodiments, 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  emitting 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 Joss of light

from the illumination source through the substrate.
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interferonetric nodul ators, certain enbodi nents described herein

advant ageously renove the control circuitry fromthe display area and
provide larger areas in which to formthe control 25 circuitry. In certain
enbodi ments, having a non-transparent substrate advantageously facilitates
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certain ot h@tw@nﬁa&’ ?{fbsel,éweteﬂ'e g’oﬁ%ﬁ& 8&‘”2 E'Bho BT tE%sco dugior zf?&\f/}ml% H‘@iy
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t herebetween. I n certai'n other ‘enbodi nents, the conductor 2204 1s highly
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6l sct r omecritrientel b 22 b FE ebsheltRt el a6 s Bl asge of e
confi gur at i epticll padest ligheinte2ibtiag bathrthé ttezidtbietriomddiditor. 220ekdinglyfurdikewemt ri ¢

| ayer 2206 on the opposite sjde of the reflective mechanical myrror 2210
from the tr3hEJaeEHPmEs IRdglaton designs. o fpte it tpomaRptaste sfsubate Bt cal

pa _hkof | 't ﬁwﬂdw&éa@gBﬁmemtﬁmaw@zb@ﬁ&aBema@&ryiﬁn{mﬂ%ﬁfcﬂ%aﬁ&&gﬁe&, Bl v,
unl I Ke W
25  rather may be comprised of any suitable material.

In certain embodiments, 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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can be fabr F%&t"eﬂ"%E‘F’B%‘EmF%?’Q@ passivaled printed ciicuit heard canybe fabrigatedrio|inglugehe and

are conpati Hésﬁecf chmtry, and thin-film processing can be used to fabricate the interferometric modulators

25  on the passivated printed circuit board. Certain such embodiments advantageously separate the

circuitry fabrication from the interferometric modulator fabrication. The substrate 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 0.1 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

20-



subsequent fabrication of large interferonetric nodul ator displays. In one
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oxi de or si {ubertially qxwaebhan 8 idleleRQit layeb ofiht birematensl ih Af lﬂtért@eomeﬁsc ﬂl\e&ﬁznmbed
above, the dielectric layer of an inverse interferonetric nodul ator need not
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utilized for other layers of the interferometric modulator on the side of the dielectric layer
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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20 designs. In addition, the dielectric layer in an inverse interferonetric
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sacrificial anld?o¥ ?crﬂel:tlson enhancement film, such as metal oxide can be formed.

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 coruprise 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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25  metal, is 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.



interferometric nodulator variation is shown in FIG 7A, where thin film
stack 704 is like the dielectric/conductor/insulator stack which is the
basis for the induced absorber interferonetric 20 nodul ator design
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shutter 812 of certain embodiments are designed such that the application of a voltage (e.g., 10
25  volts) between the two causes the shutter 812 to experience partial or full rotation 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
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Support post 808 and rotational hinge 810 support shutter 812, upon which a
set of reflecting filns 813 has been deposited. The support shutter may be
an alum numfilmwhich is several thousand angstrons thick. Its X-Y
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transm $8i ve nodEpahtiopeitxt deyive miahpde Sirthet enhanwed inccegtain kemboditnentk by theiaddition

light or allow.it to SS ugh.. FIG, 8A.illustrates the reflecti ve node

whore Thei aehabplerei S ede ML e froyites ot iopl st 6 hgrshaish Se Hpred rode,

and in one ghakbial HAEInAMSE ERErBHAC BtrbAR béﬁfelal_?ﬁlp?leﬁaeﬁﬁryv@fgchﬁdel 819hhd kfuttehe
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if it is -B1R Supplemeniary elachedsr $1dr eomprisgsca pombiation qfj agermdeator $Fdpamdswppat i ve
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t he subst r ataatrglooveredlechade gan sRaces FRr pEagpls, iF spdhesn plpetrade |wase @pogntedon an

sel ectively i I ! A I 0 : | ors,
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of the devi caldeyntne fouprbter devilitions asl much @e stvarah neorbondomantes Thws, tHeevoldtaghi t i on
of supplenmentary el gctrode. 814, whi.c rovid additional torquye to.,the
ohuttor wheanrRlGates o Padicnt crpérun SERYEY FORIERR Pbeb BOTLE ST teof 48R on
bet ween supgH RIFEHiAEdires HRAE ik afdfolftAid fARM subdifateqlirfad® YariatiDHPPaCIPAU Iiffer little
el ectrode 814 cacl)rggrl ses a conbination of a conductor 814 and ‘support
structure 8%!161_.1" J0R| ect rode may conprise a transparent conductor such as
7O (indium tin die, o8, ddpet 131 QM dn D eAPRH! rREarlolOL3ARLe FBOThY QPRidAY C-
Al of the structUres and assbciate

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 ectrodes are preferably machined frommaterials that are nonolithically
deposited on the surface of a single substrate, and therefore are easily
fabricated and reliably actuated due to good control over el ectrode gap
spaces. For exanple, if such an el ectrode were nounted on an opposing

substrate, Vs%lcﬂitng%ﬂa%]ehﬂ the surface of both the device substrate and

opposi ng su | d conbine to produce deviations as nuch as several
m crons or nore. Fbhogtairt hﬂ)odohdnagempnsaqgumeﬁrctmntm fneditlaters jpisat hiedinagy devivange
in behavior could ya as several tens Vol s .or nore.

Sttt o RS SR THORETAf SR P SPGB fr U Sreltio TSI PE SRR y
and suffer Ijhf éeln@ratesaﬂﬂbg M?ﬂals&ﬁdt%u]d'ﬂe%quﬁ@i toSaEﬁgﬁa% ay/scalé BpMRicAn exenpl ary
fabrication sequence f he rotational™ 25 nodul In step 1, substrate

830 has been coatldus, \Ml‘t hle@ttoews meayebeg@aplemratedrisingaathar I@@BS ITr;pprt?@allar the|dsye r ode
and insul atqr mater al um nu con i de
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Sacrificial spac@®IGS3B, thiugRyEliugthatSihe Bordept of tdriafimbdeMene| FIGL 8A @y Esdidgiam

t hi ckness, has been degosmed and patterned in step 3 and coated with

post/ hi nge/ Shdt basic srdich huiing Plock ith ap input Y0 @%amcqs@ecalﬁn 4P (PHPHLAPAPY oy

or titaniun, ggﬁ{;. 3t a30nfdlls I?QUFIG]'@@Q 18A9RE rnm b dfilfer child Bk %H}glémented.

mat eri al 838 een patter orm ectrode 844, support post
840, andOsh(Tht eow 8dver fShiht hédressmf Isdmmrdemedt als)Vbee]nlrcheqchsmpmobfahrde voltage
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arm 850, and shutter 852, - chi r(lj‘gﬁEI ements For certain enbodi ments

conpri si ng CATERNINgie £Po &O%wé |9a@ & EIG. AB: Similarly, fanthy celamp deixer shewm ip FGs g |
nunber of vgjt I i

ol oot r oni cs GeRq PR ol A Rl WP B RO A0S oFoft R her Ry Hlilllyer
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usi ng ot her neans roni ¢s and 1 ogi.c nctions
can ge i mpl EFEFPR 31"52? Eg‘{ g’:’\? (ﬂgleq[l@%\!.ﬁt 8@3‘& éﬁgﬁfs ow @P@%%g‘@% %#r?}@’gh 9E

illustrate bbenfleanedl inQhis CRE b NANTE pie Ak Bhsic swilcibuififing Hocks 934936939 bnd
basic switch building block with an input 900 meki ng a connection to out put
904 by appPtal 81’1“’6%‘3 a)vazs'ﬁfr%raﬂst’fgﬁpalﬁg%é anqkp@lblgsi m M@trﬂaatéélomtvrather ow

driver coul gabtteadom BERRPEY subsystml {Howh SV, igk: gttag \?&flgﬁs&%?&& g gse

descri bed above requires the output of three vo tag i cation of
t he app2opr Béﬁ,eow: dnw(?t%sqogmaﬂ @vpo938haldrdm1@ram¢r93ﬁ,l alrld)\nsesahﬂeaddfesimwsctlmt

vol t age Iev tte% eveshat:ﬁg:%ed for output 912. The input voltages are Vcoll,

Vcol O and rresponding to 906, 908, and 910 in FIG 9B. Simlarly,

for the col urm ththﬁtlcﬁlhﬁVme bwitchlefémenf3Gs MBRISafepicamalat ¢ poedble @ fabtigiais
result in the se|ection of one or_the other _jinput voltaqe | evel s 15 for
delivery to®iHe SWiautYSET0 SR Siplt Proeast alies s‘attfél {pbaratiep procesy beggmes iy

ground, subprocess of the interferometric modulator fabrication process and is illustrated in FIGS. 10A-
25  10H.

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, indium 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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corresponding to 914, 916, and 918 in FIG 9C. FIG 9D illustrates how a

| ogi ¢ device 932, nmay be inplenented, in this case a NAND gate, using basic
switch building blocks 934, 936, 938, and 940. Al of these conponents can
be configured and conbined in a way that allows for the fabrication of the
di spl ay subgysigE) SHOWR mnstﬁte@m $fos. T0E- 18P FIES STOECHAPIGSRPicCRABM: VRlWs Skith 091 C
20 926, row driver 924, columm driver 928, and display array 930, and uses

t he addr essiangws &lﬂﬂénradlcgjmgcthq Biexttiah ol e perspectyes3whitaBIGSc 40F ond $0H dépictsop t ch

el enents as IVE makes. bri cte an_entire di ay
System s nd R ol e pe SEEECia e BE et R e A eerB s S R 0D
subpr ocess Qita&bﬂﬂ,@tt@ﬁlbeg_onet ri ¢ nodul at or fabri cat I on process and is
illustrated in FIGS. 10A- 25 10H Step 1 is shown in FIGS. |0OA and 10B,

whi ch shdw a si d&1Gi K saws thspswiickup an pe-ggiazted daleylOlds In fhe johfatet glates1QiGe.
Arrow 1004 indic ' |
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In step 2, in FIGS., 10C and 10D 3 fromthe sa erspective
hs i 0B, 10 A0t Ggomes iaf it 4 bty 07l 0¥ heithy e abiming] ey e s

m crons thi glwedifthe R6E0e B8RP I010eshdeMel dRA 1GIBD THe tnfbdE VF MeBRINGE pRafd 14 GO,
drain structure 1008, and gate structure 1006. Several hundred angstrons of
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t he structur K 1.S. pQi N Q t w.cont agt. resistance
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1010 to f actdquﬁatfawérh&pﬂﬂm@ﬁm&ssasfusémﬁ fbl&ﬁ:me|sm1ﬂhqaltmactnaé &l 4 éitectiéh hdimhl oOf
the -26 substrate. E 3isillustrated in FIGS. 10E-10H FIGS. 10E and

| OG depi ct f"r‘:é\’RSt"@tFé with arrows 1016 indicating the direction of the
perspectives, whgjc 1ol % 160 fugtnges Q%6 ﬂ%ﬂ'aﬁ&e 4&1Ens \féleﬂl@nax IMEMS &Ritches [ TR

sacrificial material has been etched away | eaving the source beam 1010

i ntact &hd $witch ip mﬁml%dlﬁsrsnn that, nppn gjpbigation lef a t@gserbetwﬁeaﬁwmh-tmmdai%wdst ate
1014. In th t h oIt e 1017
applies a vng ?agﬁ%go\/\%’eﬁkﬁhégéngngses © \é\gt%p%‘}:%eeconéag{_‘%et‘xeen ?ﬁoruécelo%
(shown in F1036. Ii0B} switthdoftHIE6S STOA-DHH, keamtslBitOmis p@fthmngleﬂie t@wlﬁs:ngattl&

1006 until it _comes_into t e drain 1008, therely estahlishing
el ectrical H2@HME: eifagh @wgttﬁsshgi@"&rwp eaing 1 allf’l‘%?sﬁﬁd’ft‘:ﬁ@“t&r wsmbg‘e “#fe
node of act yaf isefich shoRANAFIE! 101.0rHe N&itdP inSEIG, A0 reRalé B urtleP&inhdefent! THthis
permtting a fabrication process that is conpatible with the main

i nt er f e?bneeast.cinsbrier HKE relschisally isolaisa spitele deae d 047 froge pantsich bearrh d08ravhich,
this process..al [ e
sui £ ches. o aaytonbBhIER faffths SheRic 10 PRRGFTSRRALT Vol bAREALS | )
and 10J il | siektugt HIS2 tawt switchcreamt 1042 The Snsglagor {1640 plagben nididvial sueh e BE¥. thathe

can be deposited and patterned using conventional techniques. Use of such a switch eliminates
L]

the need to electrically isolate switch drive voltages from logic signals in circuits comprising

25  these switches.

Multidimensional Photonic Structures

In general, interferometric modulators feature elements 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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15 switch in FIG 10l differs in that, upon application of a voltage between
switch beam 1028 and gate structure 1022, switch beam 1028 serves to
provi de cont act betvveen drain 1024 and source 1026. In the switch of FIGS.

10A- 10H, curgiaéthfes (FBG oﬁﬁﬁ&r}sbﬂsoWtekh@hﬁl@m%@y@ﬂﬁmyt Yok IMe JoadhaotlofBY
effect switchin threshol conplicating the design of circuits. This is

not the caseta QSPPWbQ?@Fl%ﬁWquﬂaFFTGPCTl@FC The switch in FIG 10J reveal s
a further enhance H'e dlme %151';3{ ?%égﬁ%?ﬁl%grgm tg\i%hﬁto?gtﬂlgﬁp gagl?tBrlxs lcg)é{%,\nzpq at _es

switch beam 1042 rom con rovides con
drain 1034 &mQ. s0©shoee thkOBbridafieamnl ipeaductaif aﬁﬁnt&fﬂt@hétﬂgﬂlobﬂht\oﬁﬁﬂhgﬁﬁﬁ of a
structure 1032 and switch beam 1042. The jnsul atqor 1040 may be a materi al

such as 8 oflielessic FabmnPeset fillep Jain e stasks 194¢ end 1dd, whirhepuldfiepligmatingdayers of
techni ques. hﬁen 2fd siHoh aﬁgxﬁiwes&m ﬁh{@m}% Bck, m@ bP&E o Qtef b G shtlsfatk 1400 to -

I sol ate swit drive voltages f ogic sighals Incircurts conprising
t hese swit clem amﬂntetﬁemmmﬂuhﬁorlﬁtrmmn that Brorpoates eentrhhcagin 614l In general, the

interferonetric,nodul ators,feature .el enments, that hav ful .optical
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films to produce interferonetric stacks are a subset of a |arger class of

struct url@s takemating layes with bighand dpwy mdieps. (Thisi strsetuteam be ﬁ?ﬂit‘bﬁﬂ@“éﬁdmﬁlemés
Broadly, we bg&]:.léentﬁe Bffed? B? e lrﬂk Oﬁag I’nﬁlﬁnﬂﬁ f&%av%p@%p{kgﬁ?%ﬂgn %sym tl?(s:i

nodi fy the propagation o netic waves
associ at ed chengezaxin t he refractive I ndex of the structure. Such

structures have ' I ona spect because_t hey inferact | jght .

or i ir 1y al ong SHS OTDE A b SRSt SBP o BTt & B rib PR oHe

have al so begaetire 18 FIG 11402 AScrbiigd ftntoP 810 @aPbe fa@ﬂca&fdrfﬂﬂ ST a(BGnibeP T

photonic crystals. The text "Photonic Crystals' G‘X 1o n D. Joannopoul os, et
gili

al . desdfi betwph oy mastalganatley of awplugy penisaide @ con dippideifomerasinim aFnPRG

can occur i hhe.f9tdd, hd&e (ﬁa”dé(vdée tpﬁ%’l?l%gﬁor% %{%tﬂi in 9%‘ m £ ng? ¥pjr| L he

shows the fabrlcatlon a produc rone ric

formof a Oimbnebecdre wel.Faby, i=Pepot ardir-1000m. Thln filmstacks 1614 and 1618,
whi ch could be alternating |l.aye f sil.icon and..si)icon di oxi de each

GQUar ter wave ¢ hi CROCAH an Bt i eBiscs O1F pesiiS chone et ey Kbirn

i nt er f er oneLficgureRUdteatiAly SeifcdRk Wakeghiad forl i O FelaBiiveGfidbixall dfxddnbibis w.616.

I n general the stack is continuous in the X and Y direction, but has a

peri odi @0t y anh hidetermine|the frequepcies and mpdes of light which grill repagese ifimiti Sweh 4 n
the refract hi‘éc?na't&dﬂ)&eﬁ eHQ%HE@lkg&inaﬂc? as ?Treixﬁﬁ ﬁe%t&eofﬁ?ér'f&egro%ban]rcgradmtmn

al ternating ayers wt ow I ndic |s structure c
consi der ed dneisteonpled iirgo al In biiC enss,ehe hudliabibd escgenarhlly peppgating i thetX{Y ipfne as

FlGs. 1A afticris o9 GERRAL b ThnApe Soedsionsf sialveer. §fier Syl Be <
phot oni ¢ Fabry-Perot filter made using single layer mirrors. Neither device exhibits a high order optical
25  periodicity, due to the single layer “boundaries” formed by the mirrors; however, they can be
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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structure. In FIG 11A, a mcroring resonator 1102 can be fabricated from
one of a large nunber 15 of well known materials, an alloy of tantalum
pent oxi de and silicon dioxide for exanple, using well known techni ques. For
a device optim zed for wavelengths in the 1.55 mrange, typical dinensions

are w=1.5 mdeﬂgﬁL of i A Gedcksl QuiBvs F&bhE GaReidANoa %H&Swrﬁﬁyeoflé&ﬁal( ﬂLIilﬁs"esi S
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by ori enfat ifeeficpgiin birget Do maligy @h@cdprn@wgg@nbzmnarﬁ‘ah@@ cyld tpjog th@wdereomUl d
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except for hisogouQioeie djaden ti-diRradiondsthdy. The array is per| odic in the
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di mensi on and/or refractiyve jndex. For exanp he di anmeter of this colum
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a different material (perhaps air vs. licon dioxide). The overall size of

the arr3y ia deternined by the SI ze of the opti cal system or corrponent t hat

needs to be mani l %m%dof sThgturg a‘(irc lsorr@gfagl aga?edoug gtheo ?] ! h]%atf C)arlsman dte%hnhqé]w or .

absence of a co nn or co eS|re

Thi s struct iee td fabficutd mgmnit@ 11102 (shewnl ileFIeptlnAp PEabrampBeﬁ single ifilda&f sititon-| G
16, but it funﬁtlons inonly t dinmensions. Ip this case, . the defec

anal ogous  t BaY fie depevifadyomalgss sy anf, ppifemed ysing c?ﬂ‘@nP%feﬁ?%ﬂ’e%&“ﬁﬁﬁéedar e
anal ogous th;ﬂé\%aélﬂb &L AERAYR ﬂ’bﬁﬂ%@%@lﬂ@ﬁ aspe@ o columns. For a wavelength of 1.55

25  pm, 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 to 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 to make 90 degree tumns 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



The rel evant di nensions of the structure of FIG 11B are denoted by col um x
spacing sx, colum y spacing sy, (either of which could be considered the
| attice constant), colum 15 dianeter d, and array height, h. Like the
guarter wave stack, the one-dinensional equivalent, colum dianeters and
spaci ngs can _be on the order of a quarter wavye. The hei ght IS
ot or mmed BREr Vol pRPIEHsRRgRer B hotel™ G eppioarls @b pE e htetunendya
wavel engt h yg&flof of its SbiRGhEnt R4, aBedahé AbbignThs BRPIRL heWtser BEy bRl Aplicwd t he
size of the structures to their effect on |I%ht are well known and
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and patterned using conventional techniques, and etched using reactive ion
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25 m the d%aaﬁaﬁe%rsu&nﬂ;rt%mﬁ'mnoafrbi&gs? tﬁeé-uimaﬁsi&ﬁp%ﬂh Bgough tetB ﬁ@f&asoafs 0.5 m

and 0.1 m respectively. Photonic ructures al so nake~ It possible to
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turns in a $pIBE sesamplekkly mplication depandens, kpweverethe afpramentipnied design pues and
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el ement, budanding waksamdeplicateethe wave ia thedmm oiindexrvaditions inale matedhl ftedlfin ise of

el enents or regions. For, exanple, a."linear" or "serpentine' array of. point
def eot's nmay*E@TERERE CEis Pt SHERSSRbline atarisls tgtdely 4n 3inie,adhssipn and ofientatioh
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wavegui de for |ight propagating within it. The defect woul d generally be
| ocat ed i ntdFipgheydeppsition e ﬂlﬁmﬁ%ﬂéh cepmicsappioaghes that cap aivolys dhe igeorpanatipstof at i on.

R D e S X
dependent , solidified; rorganizen ther smetnteks,oamgdcat =i gmoved ) diasudution or high temperature;
combinatic:ns of these approaches; and other techniques known in the art.

25 Co-polymeric self-assembly techniques are especially interesting because they are both
low 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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equations also apply. Three-di nensional PBGs are nore conplicated to nake.
Conventional neans for fabricating one-dinensional or two-dinensional
features, if applied in three dinensions, would 15 involve multiple
applications of deposition, pattern and etch cycles to achieve the third
di mension in theI§}ructure 4% I cation tech ues

d di
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reduci ngs t he,hREMHddQin ?fthettg@nﬁ[,gsq%sgnu&;m% as well as increasing the
refractive index of the polymer. -30 Defects may be introduced via direct
mani pul ati on of Threexigiense|od|sudaceafeattssy iarthe foyanplepatigeis mf osher matesialss omdhe

focused ion i
Femove or et it PHATE pHeS Stk BERRY serbl s b dtife KROCBnBAG I
properties d)effedtdﬂmthnmteeRBcauundgatsefbnﬁtmn é]ﬁﬁb/ﬁlpamcuihmiﬁre\ldvm td BBGepmxege:t that

particle beam such as that u a 5 Focused on Bea putters away
mat eri al i n3FtENSHHEHO SN}EF@‘F.C&P‘%H@Hr primgrily selasse napPP?éc °f- Q@l?%"e?f“‘t“&ﬁ B¥am i s

passed pir opgtBurdge & mhibiteth&BERWi O the PRI ind @ highfl ©RalBed rabi@SirBind the seed
hexaf | uoride (for tungsten conductor) or silicon tetrafluorlde Sfor
i nsul ati ng d¢pepdirgongihe gpegiic natpreofhe Plopesaidn thig gk a paHerntofh defed aeedy uBst ke ar e
deposi ted o t pat t y
oy be useaPbitel i MR FBEOREAG! SedrhieS UM R ook B LRl THEPERP
approach i nfophaties pideessuse of a techni que that can be called mcro-

el ectrodepositio i ch | described iin detail. in . 5,641, 391.
In this aBpr oac hﬁ]@sv‘ﬁ}e class o deV?CES Emown as interferometric modt'ifators maytbe further broadened

25 by incorporating the larger family of multidimensional 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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single mcroscopic el ectrode can be used to define three-dinensional
features of submcron resolution using a variety of materials and
substrates. Metal "defects" deposited in this way could be subsequently
oxidized to forma dielectric defect around which the PBG array could be 15
fabricated using the techni ques descri bed above. The existence of surface
features, in e f 0 .1 erns. r .al .at.e upon
whi ch the pat HE EEAS mEREEAE, Sortief o BB B8 pikn Wi fog BHBE 18 GO0
of def ect s pairddivaveghidesPBCihd isibdtgtei beSow. ADifRhdiam. of Tihe Snitripgate dentiasll o the

rel evant to PBG processes that _are sensitive to_substrate cgnditions,
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depending on t specific nature of the process. | I's way, a pattern of
def ect " Seegsdpagates undistupred dueeeegaidd 1602 aRBBefontpuebeaal 1 H0Viasmtstrallytifentit to
defects created . within during the PBG formation process. Thus, the class of
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the nodulator itself. Any kind of photonic structure, which is inherently a
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width electrostatic .. 30 FIG .13 shows t anples of interferonetric
modul at or_ dé@?@ieeilﬁbﬁwﬂ&ﬁw f%wazﬁgwéﬁé?gﬁlniﬁ(’mp ghown i HpGl 3By Jkereight
cutaway di ageaN 34309 shMPboPagatistSinla SHRRKT $ﬁfggtermerhﬁ@aﬁsn ofl 3tk bediii 1308 BRS

been fabricated with a mcroring resonator 06 mounted on the side facing
the substrattput13ea. 1348y Syeh dcdsvicgmayabedused (8 4 frequgney sel¢ative Iswitehuihrt picks he

bstrate 1 . be f i cat ' k
echni ques. o Rbaits ufbfs BAICRULELy 8 AfERb S Rl SPLRE Al ekt "
un-drivef staigedrotbring the Binicarainmg apirfarucdnek) whis tweamdeilyitg WaedgaidesI gk statil and

the substrate. The microring. is fabricated so that .its posiftjon overlaps and
al i gns wi t hVeman ofghis egﬁ‘”R%We&u&ﬁ ef in thz Papsh & gtlémﬁef"tow Heﬁﬁﬁ'& gﬂ'@?ﬁ’f t he

mcroring anged dsbmdtoriChahl2€ DrdppRBTHIR Y, A BSEH PiRRShi ANRVIoldgy Théars, Ve 11, no.
Cross-section 13 shows the di nensions of the waveguides, which could be
w=1 m h=0.8 ¥%and t=100 nm In the un-driven state, light 1308 5

propagat es undi s I i . y126N u L i
spectral ly ident %QF&% ghﬂfl\r%%@q‘i{%geg& |'v1|3§gﬂltth§%f]ér%t Lep#ﬁe?gﬁet [ &2&%85 ufna(lit or
to forcelt he33diaed casomagprilBidoare fubticaddencidubsttatein the fotrhef astobsinaaPRG.AMhd PBG

wavegui des alters the optical behavior of. the_device. Light propagating in

wavequi de. 18GATHEGR HE U SRISRESRINS He BTG SERG by CRREng oI faR b Each

evanescencewaﬁgsida)@aﬁa 8¢ RsbiAtbr dbfined b SSnEVRMY 1B IcbRinAb. Yropa4dws1333 paividePbfea!
pli

resonat or cgu )I'ing a sel ected frequencg from ) )

etail of the construction of waveguides 1330 and 1332, and the resonator 1314. Dimensions are
dependent :)n the wavelength of interest as well as materials used. For a wavelength of 1.55 um,
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 comresponding 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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wavegui de 1302 and injecting it into waveguide 1301. This is shown in FIG
13B, where light beam 1312 is shown propagating in a direction opposite the
direction of input beam 1308 and output beam 1310. Such a device may be
used as a frequency selective switch that picks particular wavel engths out

of a wavegui de by .the applicati.on of a voltage oth i yin ans 15
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the PBG and the nmenbrane 35 columms, and therefore _no optical interaction
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causi ng cougld | 1 I i Vi ce
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propagate i thg ﬁéprOSi tet direction 1329 of input beam 1328 and out put beam
1326. 5 Dri UIPHGdePsPRE SPEFS8et ri ¢ nodul ator into contact with the PBG
howeverzp pl aces Tiemate@d14! 6T Sertaiii Embddtndn@SHE dbriligured|sh Qhdt 1) thel dndBGSPAOthe The
defects of the resonator are elimnated by the placenent of the nenbrane
col umms. TheevisevieBeets ip phparticilagt wavelangth iegiane Butt Preompe veRomiotbing rhey thea
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geonetry is descri I paper H A Haus "Channel drop

ed int
of the substrate 1412. Light beam 1408 propagates at some arbitrary angle through the substrate

1412 and is incident on interferometric modulator 1406, shown in the un-driven state. Assuming

25  the frequency of the light corresponds 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 driven 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
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10 filters in photonic crystals,” Optics Express, vol. 3, no.1, 1998.
Optical Switches In FIG 14A, a device based on the induced absorber

i ncludes a sel f-supporting alum num nmenbrane 1400, on the order of tens to
hundreds of m crons square, which is suspended over a stack of materials

1402, conprising a_copbination of nmetals and oxides 15 patterned on
transpar ent "{fipl4 rellegiions AWM Pt Syrfacko aRotheT, Ligh! avasan; el & SHrusiE o aften

modul ator, g&aQmnb Redbditeduided Rabes. NO. 6, 040, 937, coul d serve this purpose.
The filnms on the substrate may also conprise a transparent conductor, such
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reflected b th tertals in. i feromet Ki c. modu r's
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t ovar dsapnearnshtiddtelihe Wil RS heRaRamieanda 1919 is RempieRE Bbiaf. t he structure
remai ns constant along its length, the el ectrode area decreases. Thus, the
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actuation will Another kind of optical switch is illustrated in FIG. 15A. Support frame 1500 is

fabricated ﬁfrom a metal, such as aluminum several thousand angstroms in thickness, in such a

25  way that it is electrically connected to mirror 1502. Mirror 1502 resides on transparent optical

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  varable 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 varation 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

-34-



progress along arrow 1428 as the voltage increases. 10 To incident |ight,
the interferonetric nodul ator operates as an absorbing region with an area
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XXIX, 1998. This particular device was designed for emissive display applications. The mirror

25 may also be implemented in the form of a reflecting grating, which may be etched into the

surface of the standoff using conventional patteming techniques. This approach, however,

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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25 filter is shown. In this case, conducting contact pad 1602 has been deposited and patterned on

substrate 1600, along with dielectric 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 “island” 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 usually 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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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 reﬂe&ing 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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5 has been fabricated tunable filter 1704, mrrors 1716, and anti-reflection
coating 1712. A mrror 1717 has al so been fabricated on the bottom surface
of the substrate, e.g., froma nmetal such as gold of at |east 100 nmthick.
Mounted on the top surface of the substrate is an optical superstructure,
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25  of the IC that is exposed to the substrate propagating light.

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 coupler 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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additional mrror onto detector 1738. Detectors 1738 allow for a higher
degree of integrated 5 functionality. FIG 17C incorporates integrated
circuits. Light beam 1750 has been coupled into substrate 1770 and is
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transmtt edsu;ty)p\grt external optical components and provide a hermetic package for the mixer.

25 The combination of planar interferometric modulators and a substrate waveguide provide
a family of optical devices that are easily fabricated, configured, and coupled to the outside world
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 superstructure. 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 notmal 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.
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25  interferometric modulator design. A tool 1912 dispenses, cures, and exposes photoresist for

3 2 had

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 patiern. 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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many of the |ayers do not require sem conducting 5 electrical
characteristics that require specialized substrates, interferonetric
nodul ators, as well as nany other MEMS structures, nay t ake advant age of
nanufacturin e _akin I n dustry.
These. ki ndspreRrac BEGsto: Al 0B cirdich B350 Ry ol e ey e Y
and in the fied ficRfle Grgafid\inbietas&hish ediibit BimesiauabstREs 44aMlichGhayHeafspdsiied
Referred to as web F rocesses, they usually involve a continuous roll of

t he subst r atengmyasetyof P a9 PES VDdgchigues. This dystis sehseqentiyopstterned gichedppndahi ch
| ect | d

SCtorl vel pERRLY oAU BN, 1096 ahB 195 Rlne SR TSI dopa Bigee! 1P

speeds vi t hawayhthe lsaqmﬁodhlzya tahe B@erpiscsdwom,dhxsl%hﬁbe hecamphaheﬂapmgmah igasn of

such a sequence lied to the fabrjicati sin I nterferonetr]

modul at or aPf#se ﬁ@fﬂﬁ&l&% &r speh Fegpopie T Hedsiics fe I oYPos Fwawﬂes’ranf SEURYE A8t ¢
15 nodul at ofgt BfmQhdBferifionle R Syduaaechani cal structures. Wb source 1900 is
aroll of the substrate material, such as transparent plastic. A

represent ative aPaskagirgpod therresultingalevioes lbﬁccmphﬂhpﬁby bondingtilesiblersbedt 18%%to dlhiens,
for the pur pose C t ON. & devi ce SSi_n tooI
1904 |rrpre§’ esl%%(fe Ogthtges}l?lsg% eeegr]l‘ehéssli‘sgﬁgg SXP@? Sﬂ’ﬂ ’i'tf'fg?us mgﬁggj &'a@ﬁ' %eecan be
acconpl igs hegbatey v.athrmteﬁhencrmﬁlt Such wha aldtal) ASing beatiap piod p934atTRe Pt dhedtflar@foined
protrusions etched on jt. 20 The nmetal paster is nounted on a drumthat is
pressed aga¥hgbopgiae ©pbIT.ip PWd\é‘ﬁcS]EFg‘ﬁsultﬂ’rgé%"él@E@ deyicgd?h m t he plastic to
formthe degiLskeQemed €W 1906 illustrates this. Coater 1908 deposits thin
| ayers of materral using well known thin filmdeposition processes, such as
sputtering or ev&qmiualt pteess isThaefactes up tthe sle!agnstmt abtigat®nodt MEMS fsirhetares. In
corrprlsmga an ar|f| lal fil These
mat eri al s co{rélr'fgrgﬁlgteﬁfﬁ Poglﬁﬁe 14 uc%h f sgs%t}' 5 m ﬁi|crr?1t PR ? mtfeés f%v u
desi gn.15A tmedhari&liz rdbzsai?mﬁﬁg,th&fdbtﬁﬁtloraﬁldceesgphesﬁﬁd@mwd@f eaer&tmefsme resulting
patterning these Iaﬁ/ers Once the pattern has been defined, the filmetching
occurs in t&gmetpoatthe mapher, natj vely, patterning may be accorrpl i shed using a
process known asmeaﬁ@fferaﬁkﬁ% Ixﬁmuladop ak hh ?nter?éi‘&ﬁetn@dév?c%efs sesitMeal MEchoyen the
material in a manner that allows it to be synchronized wth the noving
substrat e. tihaesiltiogsspoginantl theomeyablf membrangisEhe reflecteds hort ina@thqsrt design cases
evaporate ! ASelRbELhal S s Mol RLA RS, [RAMPEENELARY CBaBNG AaliR
i Nt er aci0s Vintlis ﬂ:btenomlcmglt}aal lSngtnoﬂdIQvﬁmetréﬁltén ﬁﬁudcdpmblet\hﬁatﬁdnbﬁt ¢oddreOn tlﬁe| f.
Because the oration occurs.so quickly, the substrate is heated on
m ni mal ly. 9t li'Ff\["ﬁffds thdFeWPEeétyé&%Hi?F@ toog 1 d "?‘F Fesidualystressiof the Fouetpis s }*‘
sane patt erfacauldSialiSnsSF 85lof &n bd Aded 1YL Be pmnleﬁ%u%%gr@@§f ReSMaid ihpped
away after the application of tool 1916. Tool 19 35 i s anot her deposition
t ool that dbposmbmngrenowing the defoomed state 0§ﬂnmm@ndlallpayé¢r pfletermanation of the
't erf er OMakfi WAUsh Ghe oo Cbfiplit: HO85RbARRE ahe bugbhfihs! X Ghe AZ2

25 dlmensmnal data on the deformation state to determine this. Thus, the interferometric 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 is determined by the thickness of the spacer layer upon
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and resuiua] stress properties are well characterized. Many materials are possible, subject to the

25  limitations of the requisite reflectivity that can be quite low given that the interferometric

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

menbrane of Iinterferonetti I

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
discontinuous films. F1G. 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

inte its 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



-42 readily avail abl e high speed processing boards to perform nuneri cal

cal cul ations at high rates of speed. The software may consi st of collection
routines to collect color information and cal cul ate surface deformations.
The core routine would use the deformation data to determ ne the optina
conbi nati on of uniformstress and stress gradient across the thickness of

t he nmenbrane C ucin al l.sh

of use coul cl'lllg!JS)grgllee(ra?1J 0438133%2%’32%8(§jf(QJJW??(§a?)n3%d 6%8%5 enStcm ta?ﬁ%)egh F &l CWC
records of difigdtér ofi€Ha-bd&PDIHR beshysdf MRSHdisidad! @rofildsGs A1 cpuhe ax\aaxyofftmhduaﬁ etrthuse
When the need arises to  determne the residual stress of a dep05|ted film
a test waf erPaftemsBibie e QAWLE Selightydifferepte BisE jall sbare i cqreygom thejpropety hat as
deposited fi t: eir
ol or 10 s B rokfic SRR R i eubiler e WA BracR B RNRA IR iradiah
maps of 6he ftoms thawnalftbe nimibht mdakefro teethated th?efﬁlersum;atd)mooomﬂa&dptumdfmmtype

accurate assessnent. of residual stress in the eposited fil m mad
test struct JFess SHB%POéP%tHe tipR: B9 AGS CARPafS tg@i éi’:Ffé é?mw@ﬁ&g'ﬁpf@?rfe]ms

Cbservati on wiautd1@lel deehavivdter QYR AGhH YakilaNddeldendiBe M8 thef BRI t
films can provide even nore information about the residual’ stress sta

as wel | as tantreBecting&oinm troraler iahga qf irsjrientanglss.over 15 many actuation cycl es.

Thi s techni que be,used. to, stress,of fi are
bei ng deposi tegﬁiﬁf g\laélﬁsorevea%soa RN 12@314 ha@§f| oJr%POSfte{ RS hERSs ]Itﬁ?ﬁ'ﬂg ‘{]“%
opti cal 1pat hhershy etal, ﬁIEE&herrétleinﬁdM]mg:toﬁ' MEhel fIRQ inN@isSAsd, esrmnlom\/thewdym@ages of
structures and track the change of their color EPISJ in real time. This

woul d faci | |f?lafaémrsesamewl“% beler 48 iangsrems 1y thiglnesso RLFpY Popgleget Piosiiseso
paranmeters i @&é&maéugl ARG foe&%ﬁhlngtrﬁﬁéﬁx &ahmssthﬁﬁgeﬁnarglhﬁnas' .

sof tware an har war e I nt errogat e” est waer on a 1 odi"c
and al | ow t hegdembkthey cbngltrd@hmmpegemmanct @t simeepointc fahi 4 bwmisuas fillme FIG.| 21C

h . h
et aual ot phet 4 RRFie Bl S ShiCL BBl it ol SRl T A % o

utili ze1sxpen$:bmﬁmaﬁdfﬂn& (FG]ITﬁ]le&]S lal‘th@blﬁtﬁi’uﬁliﬁeﬁl’rﬂ €en8y 84 exmbit Digherakkdee thdncits
def ormati on of fabrlcated structures. The former 25 suffers froma need to
provi de dri PeotipmeysEAysRIeRt. o 4 | arge array of devices, and inaccuracies in

measuri ng di Spl AGRUEAD ek ANhER k- of BBodBba8 HirhSIHRIEE! 921 fieh9Bbdrcal
properties of the films under observation, and the conpl exity of the

required extdeposdgd eptshlesiraignl 3R alodmdrieknessi st dasti m deswsard angsiTomp st thet ats§ of
material s W'c&{} de&ﬁe{oﬁﬁﬁﬁdﬁg Rr]ga‘?t%ﬁ:t biessu%(vgvcflén §§ S&Er%gt%ﬁ ﬁfnlﬁ r?
| (Prrang, 2 a
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should have rgcuve ion eich techniques. Because the material is continuous, but perforated, it does not act
like the e;rly stage film of FIG. 21B. Instead, its optical properties differ from the un-etched film
25 in that incident radiation experiences lower losses and may exhibit transmission peaks based on
surface plasmons. Additionally, the geometry of 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. Z1E 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 unique optical properties which can be manipulated in ways that rely primarily on the
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transf er ri n§°H0E BIHPIB Y ern into the underlying material, and the hol es

can be etched usiTRE dispi@PaEvidteI0IiRBuRE G hohEsd W, dURBlay BECAUSEnhA183, MBhekkRd4, | S
conti nuous, but perforated, it does not act |ike fhe early stage film of
FIG 21B. | asinpabidevicestSoprd ¢ alicrpphoperd6i dde dpysingrdliis genarsily fgrmes igora@ny pf m 25
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of the I i ghtatee! TaeRps MEMBE: m kit e plastin meleh 5o B gpd cramic of
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"Control of optical transm ssion through 30 netals perforated with
subwavel engBhevme fhat By b interghanged avith ihegiremovelie partippse]f diffesent €glgr F confaining

structure, g;@ﬁyengfoggsg?iaueg,rg,g s Al'l three of these types of discontinuous
films are candidatés Tfor inclusion into an
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 described 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 inclede additional components at least partially enclosed therein. For example, 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 to a processor
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di spl ays, gmp}hqgimgﬂgj Qs i@bhenedineRhAy3. as described herein. In other
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module that generates 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, saturatton, and gray-scale Jevel.

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



illustrated in Figure 23B. The illustrated exenplary display device 40

i ncludes a housing 41 and can include additional conponents at | east
partially encl osed therein. For exanple, in one enbodinent, the exenplary
di spl ay device 40 includes a network interface 27 that includes an 35
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| mage 25  display array (e.g., a display including 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 button, 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 battery, Such as a

nickel-cadmium battery or a lithium ion battery. In another embediment, power supply 50 is a

35  renewable energy source, a capacitor, or a solar cell, including a plastic selar cell, and solar-cell
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characteristics can include color, saturation, and gray-scale |level. In one
enbodi nent, the processor 31 includes a mcrocontroller, CPU, or logic unit
to control operation of the exenplary display devicz 40. Conditioning

har dware 52 generally includes anplifiers and filters for transmtting
signals to t S 4 | M E; Sl L 1 Cr ne
36 Condi t1 dhg it duar oMl e E K AR R r kR bVE A 3R
exenpl ary disykiay device 40, or nmay be incorporated within the processor 21

or other conponents. The driver controller 29 takes the raw i mage data

generated by the Br8BEsiTplemeptalipps, gentrol pepgrammabi)ity residepnas Aesgruedstovaingy
fromthe frajgeptthiilier 48NN beloREER S et plae ih TRAR.HBhR djs?la?@ﬁ'fe?rpﬁﬁ &l ¥
for high speed transm ssion to the array driver 22. Specifically, the driver
control | ér 28sesefoorolgiregrathmabifity fesmdeseindtat amrantdove 2Pat dhdsk ol shalviongpe art will
raster-like format, such that .t has.a.tine order suitable for scannin
oross t he. Py e e oyg Beserte SRR B BT Pl S5u heSSTinEhar
formatted i nhebhiiwar boapbhaisani ayvaibhovehfigdatiod.t hough a driver controller
29, such as a LCD controller, is often associated with the system processor
21 as a st and- al diberiembadimants drerpythay the shope of tiy follewiig cdptrol | ers may be

i npl enrented in many ways. They nmay be enbedded in the processor 21 as

har dwar e, enbedded in the processor 21 as software, or fully integrated in
hardware with the array driver 22. Typically, the array driver 22 receives
the formatted information fromthe driver controller 29 and reformats the
video data into a parallel set of waveforns that are applied many 15 tines
per second to the hundreds and sonetinmes thousands of |eads com ng fromthe
display's x- y matrix of pixels. In one enbodi nent, the driver controller
29, array driver 22, and display array 30 are appropriate for any of the
types of displays described herein. For exanple, in one enbodinent, driver
controller 29 is a conventional display controller or a bi-stable display
controller (e.g., an 20 interferonmetric nodul ator controller). In another
enbodi nent, array driver 22 is a conventional driver or a bi-stable display
driver (e.g., an interferonetric nodulator display). In one enbodinent, a
driver controller 29 is integrated with the array driver 22. Such an

enbodi ment is common.in highly integrated systenms such as cellul ar phones,
wat ches, and other small area a displays. In yet another enbodi nent,
display array 30 is a typical display array or a bi-stable 25 display array
(e.g-, a display including an array of interferometric nodul ators). The

i nput device 48 allows a user to control the operation of the exenplary

di splay device 40. In one enbodi ment, input device 48 includes a keypad,
such as a QAERTY keyboard or a tel ephone keypad, a button, a switch, a
touch-sensitive screen, a pressure- or heat-sensitive



menbr ane- I n one enbodi nent, the mcrophone 46 is an input device for the
exenpl ary di splay 30 device 40. Wen the m crophone 46 is used to input data
to the device, voice commands nay be provided by a user for controlling
operations of the exenplary display device 40. Power supply 50 can include a
variety of energy storage devices as are well known in the art. For

exanpl e, in one enbodi nent, power supply 50 is a rechargeable battery, -such
as a nickel-cadmumbattery or a lithiumion battery. |In another

enbodi t gomer ly 50 is a 35 renewabl e energy source, a capacitor, or
a solaﬁ&E@ﬂuriﬂﬁﬁﬂgbﬁgg a plastic solar cell, and solar-cell -47 paint. In
anot her enbodi nent, power supply 50 is configured to receive power froma
wal | outlet, In sope inplenentations control progranmmability resides, as
descri bed ad%bgﬁwWﬁggme MRESINGont rol | er which can be located in severa

pl aces in thendl-eaisbaRntrefléive AMrfAceToiBd dna SidBRatebarfises control

programmabi lity resides in the arr driver 22. Those of skill .in the art
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any Dunﬁﬁﬁajl?ftrahﬁhid%%inaﬂéﬂtqght,smétrmbﬁle‘bﬁfi@l)l& éiispasifro thehidrPus
configurations, her epbodi ments are wthin the scope of the foll ow ng

S
cl ai m:tmqsggem%qt@@_ SRED 1S: 1 An optical device, conprising; a
o L s e o it e sur e g gt
oplca aver | C 1S @ eas rtl a re e | ve Q | NCl aen 1 g an
ot | oasPetee the qvable opficatiayer and the npriradaarent [elRstive sHacRANAR $2ood | cal
| ayer spastRd with@edch®d distancs b&ﬂé@ﬁth@ﬁﬁovﬁﬁlbb?ﬁédl uyesaid the Aon-WaRspRteht t he

novabl e tical /| ayer is novable between a first position with a first
di stanc'@ﬂg‘ﬁ'@?\ﬁ}é@Fe‘t he novabl e optical |ayer and the non-transparent

reflective suidréif eheamnovablegstieadayed atérfdrémetritdlly noduResyTightinst Rastahdfisiveen t he
novabl e optical |ayer and _tlktﬁa $1on-t‘r@_tnsfg€rent reflective surfq}(P:Pe, wherein

t he novdH ¥ pclsion ANarein e device dirher compises ARASPXRIAD 1aYegAYeNthe at | east

t he firg&ibstraed second positions, wherein the device further conprises a
passivation | ayer over the substrate. 2. The device of claim1l, wherein the
substrate conprises a netal. 3. The device of claim2, wherein the
substraze cOTHY devita of tiai 1, wherdih ehelstbsiedte @bmplistista metalher ei n the substrate

conprises alumnum 5. The device of claim2, wherein the substrate
conprises a netal foil. 6. The device of claim1l1l, wherein the substrate

conpri sgs a THexaddvice offBlaii 2 Abherein the substrate comprises steel.

4. The device of claim 2, wherein the substrate comprises aluminum.

5. The device of claim 2, wherein the substrate comprises a metal foil.

6. The device of claim 1, wherein the substrate comprises a plastic material.
7. The device of claim 1, wherein the substrate is flexible.

8. The device of claim 1, wherein the substrate comprises a ceramic material.
9, The device of claim 1, wherein the substrate comprises silicon.

10.  The device of claim 9, wherein the substrate comprises circuitry, the substrate

sufficiently non-transparent to shield the circuitry from light.
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7. The device of claim1l, wherein the substrate is flexible. 8. The device
of claim1, wherein the substrate conprises a ceramc material. 9. The
device of claim1l, wherein the substrate conprises silicon. 10. The device
of claim9, wherein the substrate conprises circuitry, the substrate
sufficiently non-transparent to shield the circuitry fromlight. -49 11. The
device of claim 10, wherein the circuitry conprises control circuitry for

the device. 12. The device of claim1, further corrpri sing an illum nation
source,_ .the ubstrat suf i Ci entl reflective to reduce | ass of |ight from
the ili1'Wmin P(S’ﬁ"'&%EI b Gﬁ"’t 8 CECHIBt FamnLisey qontrphgircyitryiferdhe fevigeyj m 1,

wherein the substrate corrprl ses a printed circuit board. 14. The device of

claim1,_ wherein the, subsjrate conpri ses conductive |ayer. 15. The d
o el i 14 TheidBrid i SRE T ier ESTRsEean fujenionoues, besbsras ey

posi ti qeflétive tohedls@qmscbfmgaifﬁohouheiilmnfmua@aaﬁcé trotgihtthgSibseael i ed to the
conductive layer. 16. The device of claim1l, wherein the substrate has a
t hi ckness between about 0.1 mllineter and about 1.0 millinmeter. 17. The

device 1 clThemtelice oheiifi 1) whereirs thesubstiate EsMfitises @ printedriralit fuaed.t he
passivation |ayer provides electrical isolation to the substrate. 18. The
device of claim1l1, further conprising a conductive |ayer over the

passi vatd, on Thayevice ofdisimal, diheredt theisibstrit@ Eoriptises hitendtideiRérve | ayer, at
| east one of the substrate, the passivation |ayer, the conductive |ayer and
the dielectric layer is non transparent. 19. An optical device, conprising:

a non- lt'rsansnmremvucé ef&,lamt1'4(e;hswrrfmemd‘v@bweﬁt.camla@e.&ubﬁsrb%t@eenQMfr@t nmovabl e
optica

ch is, at | east artla i |dent i ght and
ar | eadrostisandeisgciit ot I abarse hus et a#iighio fe cEndisus BeeTopt | cal
| ayer spaced fromthe non- transparent reflective surface, wherein the

i st ancs” " bdPadeo) RLonEy B Erap sl fee a iR et ahoifad o

r ef | ectrilitnetatrahd @bowrich m.llﬁﬂae;nd position with a second di stance between the
novabl e optical |ayer and the non-transparent reflective surface, wherein
novenment of the novable optical |ayer between the first and second positions
i nt er f erroetThecielicy ofi @i Biveferdimtherstbstemtd tomprises b nidigl A\ thepassivlitgrei n t he

substrate co i ses, a conductive | and -50 wherein the device further
conpr i S&¥er Py EFE?@@'r'ﬁ%?"é?gﬁﬁg%tFy coupled to the conductive |ayer,

18.  The device of claim 1, further comprising a conductive layer over the passivation layer,
and a dielectric layer over the conductive layer, at least one of the substrate, the passivation
layer, the conductive layer and the dielectric layer is non transparent.

19.  An optical device, comprising:

a non-transparent reflective surface formed on a substrate; and

a movable optical layer which is at least partially reflective to incident light and at least
partially transmissive to incident light, the movable optical layer spaced from the non-
transparent reflective surface,

wherein the movable optical layer is movable between a first position with a first distance
between the movable optical layer and the non-transparent reflective surface and a second
position with a second distance between the movable optical layer and the non-transparent
reflective surface,

wherein movement of the movable optical layer between the first and second positions
interferometrically modulates the reflectivity of the device,

wherein the substrate comprises a conductive layer, and
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wherein the substrate matches an optical appearance of the conductive
traces. 20. An optical device, conprising: a non-transparent reflective
surface formed on a substrate; and a novable optical |ayer which is at | east
partially reflective to incident light and at |east partially transm ssive
to incident light, the novable optical |ayer spaced fromthe non-
transparent reflective surface, wherein the novable optical |ayer is novable
between a first position with a first distance between the novabl e optical

| ayer and the non-transparent reflective surface and a secopd osition with
a second di s¥ ‘EB“E%‘?‘WAE%%”@P%%(?%S@B C?'Eeaﬁra‘feéfg‘ﬂﬁﬁw ?qﬁ’@'eﬁdﬂﬁ'ler anspar ent
refl ect¢ondustiveliger, wherein novenent of the novable optical |ayer between
the first and secgnd position i nterferonetrical nodul at es t he

Fof1 et vi ¢ YRS SHBSEE MAlihes AP pPiGRL 2ORRAIES e SSAAIRVE R havi ng a

color, and the substrate matches the color. 21. An optical device,

conpri Sédgg: &nqn-t ansparent. refl ective surface forned on a substrate; a
novabl e opt i PPUYCAVREM R T It | east partially reflective to incident
| i ght and ata harstednsppment fefledtive sudareTorriid\on 4 substrgteddid | i ght, the novabl e

optical l|ayer s ed frogmthe.naon- transparent reflective surfac erein

t he movabl e %'BPV%;? °‘?t§9@?yqr§'?'ff6'\)§ﬁtl Iga%gg&éﬁy eée‘?'?’?g{'"ﬁﬂ%"ﬁﬂ‘g@ﬁr\aﬁfﬁayf i rst

di st ancgartidiig trarsmissitetoinsiadnt digitpthie eridvabla yeticahlagert Spacédiforh tisghar ent
reflectjve surfaﬁe .ggg%%econd position with a second di stance between the

movabl erH5PRrEa] reresy the non-transparent reflective surface, wherein
novenent of whereintheadbeabigpdptical layenjsanovablestwednefirst psition wWithefirstiiiktareei ti ons

interfergnetrically nodulates the reflectivit f the device: a display
corpr | SRAELG PayhbiE Bele e ariing PleFatipate e Rues SR ReBrE opt i cal

| ayer; positionwdtheasecdihdistance betebarctheintmiable @pticahlayat arathenbi-trahspatins pl ay, the
process .einﬂ5 configured to process inmage data; and a nenory device in

0
el ectri'@ﬁ? % tation with the processor. -51 22. The device of claim
21, further wiwgkninsovemeniofithe mbvabianoptichl layer betwieeq thecfifsttandseoshdyositeast one

signal t he display; and a secon ntrol.ler configured to send at |east a
por t i on'f™® %‘ﬁﬁb@xgl’é{lﬁ?stﬂbe 'ieﬁ%‘%f'ﬁ'r@fghe & ol ler. 23. The device of claim
21, further wiemnits deyicerhais medaek stalerhaeing@dcholoe, andithe gubstrdtetratsiesscthe color.

21.  An optical device, comprising:

a non-transparent reflective surface formed on a substrate;

a movable optical layer which is at least partially reflective to incident light and at least
partially transmissive to incident light, the movable optical layer spaced from the non-
transparent reflective surface,

wherein the movable optical layer is movable between a first position with a first distance
between the movable optical layer and the non-transparent reflective surface and a second
position with a second distance between the movable optical layer and the non-transparent
reflective surface,

wherein movement of the movable optical layer between the first and second positions
interferometrically modulates the reflectivity of the device;

a display comprising said non-transparent reflective surface and said movable optical
layer;

a processor that is in electrical communication with the display, the processor being
configured to process image data; and

a memory device in electrical communication with the procassor.
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the image data to the processor. 24. The device of claim 23, wherein the

| mge source nodul e conprises at | east one of a receiver, transceiver, and
transmtter. 25. The device of claim?21, further conprising an input device
configured to receive input data and to comrunicate the input data to the
processor. -52

22, The device of claim 21, further comprising:

a first controller configured to send at least one signal to the display; and

a second controller configured to send at least a portion of the image data to the first
controller.

23. The device of claim 21, further comprising an image source module configured to send
the image data to the processor.

24, The device of claim 23, wherein the image source module comprises at least one of a
receiver, transceiver, and transmitter.

25.  The device of claim 21, further comprising an input device configured to receive input
data and to communicate the input data to the processor.
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