-1 SPATI AL LI GHT MODULATOR USI NG AN | NTEGRATED CI RCU T ACTUATOR AND METHOD
OF MAKI NG AND USI NG SAME BACKGROUND OF THE | NVENTION Field of the Invention
[ 00021 The present invention is related to spatial |ight nodul ators, and
nore particularly, to reflective spatial |ight nodul ators. Background Art

[ 00021 A spatial light nodulator (SLM (e.g., a digital mcro mrror device
(DMD), a liquid crystal display (LCD),'IOr the like) typically includes an
array of active areas (e.g., mrrors or transm ssive areas) that are
controlled to BPAHALIEAGHIWMODUNATOR USBNGIAN USFEGRATEBICIRCUIT A

predeterm ned andAQTEWTORSAND METHED oF 0oAKINGAPEsUEING SAMIBsi red exposure
pattern is used to turn ON and OFF the active areas. 100031 Conventi onal

reflective SLMs use mrrors (e.g., reflective elenents, pixels, etc.) as
the active areas. The m r BACKGR@UNBNDF FHEANVIENTIONe| ectrical circuits
that cause resilient devices (e.g., leverage arns) to tilt or nove the
mrrors. For exanple, electrostatic tilting mrrors can be used. The tiling
or noving caBkdd ditkdnvédtdasm tted towards the mirrors to be reflected
towards or away froma target. SLMs have included increasingly smaller
mrrors in recent years to conply with the increasing resolution required

of them [oddayever , The'preftf idSRICAGS Pelatbd tdﬂﬁaaﬁm&ghp&oamom hfidiérd S |1 M ted
based on the current nmanufacturing technol ogy and material s used. For

exanpl e, cur r paticulggly, toyesleetiyn spatiabiight merdplatess. about 16 microns in width or
di aneter. Exanple environnments using an SLM can be photolithography,

maskl ess photol.itho rA?-Phy’ bi ot echnol ogy, projection tel evisions, and the
i ke. Backgroun

[0002] A spatial light modulator (SLM) (e.g., a digital micro mirror device
(DMD), a liquid crystal display (LCD), or the like} typically includes an array
of active areas (e.g., mirrors or transmissive areas) that are controlled to be
either ON or OFF to form a desired pattern. A predetermined and previously
stored algorithm based on a desired exposure pattern is used to tum ON and
OFF the active areas.

{0003]) Conventional reflective SLMs use mirrors (e.g., reflective elements,
pixels, etc.) as the active areas. The mirrors are controlled using electrical
circuits that cause resilient devices (e.g., leverage armms) to tilt or move the
mirrors. For example, electrostatic tilting mirrors can be used. The tiling or
moving cause light transmitted towards the mirrors to be reflected towards or
away from a target. SLMs have included increasingly smaller mirrors in
recent years to comply with the increasing resolution required of them.
However, further decrease in the size of the mirrors is limited based on the
current manufacturing technology and materials used. For example, current
mirrors can be as small as about 16 microns in width or diameter. Example
environments using an SLM can be photolithography, maskless
photolithography, biotechnology, projection televisions, and the like.

[0004] Lithography is a process used to create features on the surface of
substrates. Such substrates can include those used in the manufacture of flat
panel displays (e.g., liquid crystal displays), circuit boards, various integrated
circuits, and the like. A frequently used substrate for such applications is a



[ 00041 Lithography is a process used to create features on the surface of
substrates. Such substrates can include those used in the manufacture of
flat panel displays (e.g., liquid crystal displays), circuit boards,
various integrated circuits, and the like. A frequently used substrate for
such applications is a -2 sem conductor wafer or glass substrate. Wile
this descriptionis witten in terns of a sem conductor wafer or a flat
panel display, for illustrative purposes, one skilled in the art would
recogni ze that this description also applies to other types of substrates
known to those skilled in the art. [0005] During lithography, a wafer,
which is disposed on a wafer stage, is exposed to an imge projected onto
the surface of the wafer by exposure optics |located within a |ithography

appar at us. WikdngicSndnest WafeP R igfass AbStrats € While'thishRs&plion & wiligf &l | t hogr aphy,
a different type of exposure apparatus can be used dggendl ng on the

particul ar apprmeafi yrfemizopdusiaanpafer ox-a Mat pargh displaye dor dlustrativephot on

| it hography e N L LQUhle; [ t , i s known
to those skille O%g’ ?ﬁeeggirl%d.em?'ﬂlg %Iara{olﬁfgu g‘?&;&)%;mrrgl tgﬁgggagho?oﬁlﬁshogr aphy is
di scussed her epyilios toi dtharsypes of snbstpatesknees tathbse skilled octhe Jihe proj ect ed i mage

pr oduces ges i . the.characteristics.qf.a..la f e le

phot or es i[@b,gpdeposﬁfl%ncg 8{%10 ahys §rvaca \@}18} }'?em%#%; on ‘?‘h\g%feer %%Eﬁbses
correspond t oekpeeed anbm irsgepprojeetet] amito teosukface vhther walfer bp@xposaresur e.
Subsequent to expqsure, .the l.ayer can be etghed to produce a terned

| ayer. The pﬁ?tf“}é)ﬁﬁaffgrwlé?bﬁhgégﬁal}hx?Wg@mﬁegaﬂgé’@ %’ﬁf%ﬂ'%‘ t he waf er
during exposil e cdddiof phatblidbgashy, ayieiferérs tfpa e exiscitelappirai®y & furt her
process exposed portions of underlying structuyral |ayers within the wafer,

such as condtedj gepending @otguparticnlar application APy &XAERIEr ETAYFHIOR: process i s
then repeat egdlectt@gedrNghotvh t MhGrhisty 8icBPSan YBuide hNEiffdRAL eRFosuRAt Uures have

been fornmed
apparatus, as is known to those skilled in the art. The particular example of
photolithography is discussed here for illustrative purposes only.

[0006] The projected image produces changes in the characteristics of a layer,
for example photoresist, deposited on the surface of the wafer. These changes
comrespond to the features projected onto the wafer during exposure.
Subsequent io exposure, the layer can be etched to produce a patterned layer.
The pattern corresponds to those features projected onto the wafer during
exposure. This patterned layer is then used to remove or further process
exposed portions of underlying structural layers within the wafer, such as
conductive, semiconductive, or insulative layers. This process is then
repeated, together with other steps, until the desired features have been formed
on the surface, or in various layers, of the wafer.

[0007] Step-and-scan technology works in conjunction with a projection
optics system that has a narrow imaging slot. Rather than expose the entire
wafer at one time, individual fields are scanned onto the wafer one at a time.
This is accomplished by moving the wafer and reticle simultaneously such that
the imaging slot is moved across the field during the scan. The wafer stage
must then be asynchronously stepped between field exposures to allow
multiple copies of the reticle pattern to be exposed over the wafer surface. In

this manner, the quality of the image projected onto the wafer is maximized.



on the surface, or in various |layers, of the wafer. [0007] Step-and-scan
technol ogy works in conjunction with a projection optics systemthat has a
narrow i magi ng slot. Rather than expose the entire wafer at one tineg,

i ndi vidual fields are scanned onto the wafer one at a tine. This is
acconpl i shed by noving the wafer and reticle sinultaneously such that the
I mging slot is noved across the field during the scan. The wafer stage
nmust then be asynchronously stepped between field exposures to all ow

mul tiple copies of the reticle pattern to be exposed over the wafer
surface, In this manner, the quality of the image projected onto the wafer
I's maxi mzed. -3 [0008) Conventional |ithographic systens and net hods form
i mages on a semnm conductor wafer. The systemtypically has a |ithographic

chanber {4uB)is desivenafal GitHepRbRE yRBmaRRA midthsist Bah RARdsOsMm t he process
of inmage formation on the sem conductor wafer. The chanmber can be designed
to have diff efesrigondyeter walke. uFhessystam/tirically Jae s lithoziaphic ghamksp 81tisng on t he

vevel engt o ol fbh o AFlout3fand ol bifs U5 O SORSR: kiSUtR 1o

chanber. A beam™ oman 11"l umnationh source (located
out si de the symstherspmidondustdr veafer. diheichathbescan berdesigned hmbeveciifferemte on t he

reticle, and a second ontica b I Ot R | ]

sem conductor%@gﬁ{rﬁﬂg@]ﬁ%ﬁﬁ%%y&ggdﬁg%c 83&%1%8??5% to
fabricate a dbeihgasedn A hetickuizsspositivaed indide e chamberl. eA teamxfdight isg

I ncreasi ngly cost and tinme consunming to nufacture dye to the feature
sizes and t hep?-f'i%{c%?’ﬁg“t‘hf”@f@ﬁ%§°‘1“éeqa?‘i”&8 qq’gﬁ’& @ﬁ&ﬁw@%g’f‘fﬂgﬁ i zes. Al so,
a reticle canggtivhysydfem)a8dmhgy oitlikeon ierrefids, :@d addecorid sptichledyptem bei ng worn

out. Further costs are routinely incurred if areticleis not within a
certain tol er Befew ipferaghing vithha sqnlipendpetor wateta ypged. Thus, the manufacture of

waf ers ugoge9) r et i CAGhurhifty BEFRiBld B rkdififed 35 faBtate a A8MIcaISthE Blbktrate.
These reticles are becoming increasingly costly and time consuming to
manufacture due to the feature sizes and the exacting tolerances required for
small feature sizes. Also, a reticle can only be used for a certain period of
time before being wom out. Further costs are routinely incurred if a reticle is
not within a certain tolerance or when the reticle is damaged. Thus, the
manufacture of wafers using reticles is becoming increasingly, and possibly
prohibitively, expensive.

[0010] In order to overcome these drawbacks, maskless (e.g., direct write,
digital, etc.) lithography systems have been developed. The maskless system
replaces a reticle with a SLM. However, as feature sizes become smaller,
conventional SLMs may no longer provide the required resolution needed.

(0011} Therefore, what is needed is a system and method providing an SLM

that can be used for very high resolution environments.



prohi bitively, expensive. 10010] In order to overcone these drawbacks,

maskl ess (e.g., direct wite, digital, etc.) lithography systens have been
devel oped. The maskl ess. system replaces a reticle with a SLM However, as
feature sizes become smaller, conventional SLMs nmay no | onger provide the
required resol ution needed. [00111 Therefore, what is needed is a system
and net hod providing an SLM that can be used for very high resolution
environnments. -4 BRI EF SUMVARY OF THE | NVENTI ON [ 0012] Enbodi nents of the
present invention provide an integrateg circuit

m cr o- opt oel ectr o- nechani cal system ( M5) spatial |ight nodul ator

I ncluding an array of reflective devices, an integrated circuit actuator
having an array of actuator elenents, first and second arrays of

el ectrodes coupled to opposite walls of each of the actuator el enents.

El ectrical energy can CamE W I‘I.H%BﬂﬁFEi .g., piezoelectric
material) to expand or c r%% ) |§{ra16€rmves tNglLKr)é)?I ecting devices in a

correspondi ng direction. [0013] A still further enbodi nent of the present

i nventio Levi des i Wi i Ng: : smtting

| i ght toa/aoé)lgg a N&%g%#%%ggorfa@% Cl rgﬁ?étﬁﬁg%gﬁ‘gw @?bﬁ%ﬁﬁlﬁgr havi ng an
array of m rr aisro-optmelepigo-mebbanival rsystemu$MOFEMS)t epptiat dight i madilatoract uat or s
via el ectrodes upl ed thereto. . Form ng a wavefront. hased on.the |ight
nter act i ng witcHI AT S Fetioctiyg dividen v mfeRia clthis Adtstor Beling o ' g
advant ages of ah heaypéfetor elemenn] fishad sesondairaynsf dldverodésroonpled ® and
operation of the yarigus_enpodinents. of the esent invention, are
described in QRROSHE WB@T’ 80\F‘1rf$ﬂ(gﬂ?ee‘f° (?LmleBtSt IE)FIG]“%%‘@ SPEBN AR awi ngs.

BRI EF DESCRI Pile(@tuglor fidteri v\, Nis20ibsaiimaterial) to expand or contract, which

moves the reflecting devices in a corresponding direction.

[0013] A still further embodiment of the present invention provides a method
including the following steps. Transmitting light towards a MOEMS
integrated circuit spatial light modulator having an array of mirrors. Moving
the mirrors using integrated circuit actuators via electrodes coupled thereto.
Forming a wavefront based on the light interacting with the mirrors.

[0014] Further embodiments, features, and advantages of the present
inventions, as well as the structure and operation of the various embodiments
of the present invention, are described in detail below with reference to the

accompanying drawings.
BRIEF DESCRIPTION OF THE DRAWINGS/FIGURES

[0015] The accompanying drawings, which are incorporated herein and form a
part of the specification, illustrate the present invention and, together with the
description, further serve to explain the principles of the invention and to

enable a person skilled in the pertinent art to make and use the invention.

{0016] FIG. 1 shows a portion of an SLM according to embodiments of the
present invention.
[0017] FIG. 2 shows a portion of an SLM according to embodiments of the

present invention.



[ 0015] The acconpanyi ng draw ngs, which are incorporated herein and forma
part of the specification, illustrate the present invention and, together
with the description, further serve to explain the principles of the
invention and to enable a person skilled in the pertinent art to nmake and
use the invention. [0016] FIG 1 shows a portion of an SLM according to
enbodi nents of the present invention. [0017] FIG 2 shows a portion of an
SLM according to enbodi nents of the present invention. -5 [0018] FIG 3
shows a portion of an SLM accordi ng ta._enbodi nents of the present

I nvention. [0019] FIG 4 shows a flowchart depicting a nethod for nmaking an
SLM according to enbodi nents of the present invention. [0020] FIG 5 shows
a flowhart showi ng details of steps perforned in FIG 4 according to one

enbodi nempgo18f the PIEIehbws B\pRIEdNST. anl IM kitcdrdieto Embodimaitsl o8 tiehow vari ous
el ectrode patterns_ according to various enbodi nents of the present
i nvention. [OPES§MtMVERNOY. shows a portion of an SLM according to enbodi nents

of the gmﬁ?}fnt | NMENtY Hdwsl AW dhal BephitiRg M inelhBY FB hfaRin}d dn! SIXAW be
described wth reference to the acconpanying draw ngs. I'n the draw ngs,
| i ke ref er enceccangingcto smbpdimepts of thepresemémventéad® or functionally simlar

Cdont 1 1y GHF 4r LG ¥ snlyia Rt abuing dblad Sy pRAREERERRE 47 T E Y e
DESCRI PTI ON Chccoiding thivhEedhbidixdom of the\present invention.
[0021] FIGS. 6, 7, and 8 show various electrode patterns according to various
embodiments of the present invention.
[0022]) FIG. 9 shows a portion of an SLM according to embodiments of the
present invention.
[0023] The present invention will now be described with reference to the
accompanying drawings. In the drawings, like reference numbers may
indicate identical or functionally similar elements. Additionally, the left-most
digit(s) of a reference number may identify the drawing in which the reference

number first appears.
DETAILED DESCRIPTION OF THE INVENTION

Overview

[0024] While specific configurations and arrangements are discussed, it
should be understood that this is done for illustrative purposes only. A person
skilled in the pertinent art will recognize that other configurations and
arrangements can be used without departing from the spirit and scope of the
present invention. It will be apparent to a person skilled in the pertinent art
that this invention can also be employed in a variety of other applications.

[0025] Embodiments of the present invention provide 2 MOEMS or MEMS
SLM that includes an integrated circuit actuator that can be fabricated using
photolithography or other similar techniques. The actuator includes actuator
elements, which can be made from piezoelectric materials. First and second

electrode arrays are coupled to opposite walls of the actuator elements to



[ 00241 While specific configurations and arrangenents are discussed, it
shoul d be understood that this is done for illustrative purposes only. A
person skilled in the pertinent art will recognize that other
configurations and arrangenents can be used w thout departing fromthe
spirit and scope of the present invention. It wll be apparent to a person
skilled in the pertinent art that this invention can also be enployed in a
vari ety of other applications. [0025] Enbodi nents of the present invention
provi de a MOEMS or MEMS SLMt hat incLﬁdes an integrated circuit actuator
that can be fabricated using photolithography or other simlar techniques.
The actuator includes actuator elenents, which can be made from

pi ezoelectric materials. First and second electrode arrays are coupled to

opposite wall §m0i‘detm¢aqhetacbpr E&dHC B4l of lefectréile! (AN | foe RRVAIr bR et 0. Each
array of electrodes can have one or. nore electrode Liect_i ons, The array of
reflective detlpettodersggtions.; fTbe Amay & reflecivrodeviges; fams the iy gfithei o t he

actuator el e[rggxggfhaﬁ@ﬁm% {iShEhRddr iddhenS &Y on 1HieRdtriREief8d t O the

el ectrodes. ) I'n one exanpl e environnent, the SLM can be used in place
of a reticle béingpmsidedtostheplosttades. hogr aphy to project patterns onto a

substrat anothe irok p? &flin! Lection optical
system oﬁ‘ma2|6 phot o é%%%%ﬁ%@l 00 ,L%ysﬁﬁgc@%\#ﬁ%s ag%ﬁgro?ég%tﬁ%n shape, to
correct for abmaskiess phatolithograply\te fprajert pattamsyatto asobstrate. drangther, t he SLM
can be used in _biongdi and .ot her, bi ot echnol ogy .envi ronme , as is
known in the FM‘T’\?&E gﬁ"s cay b% Jged a3 pé??%?%r?gr %ur%]\(;cf?'&n%t th e SLM can
be used in prphaélithegiaphic el i the SSLM nis odsplesticalx mnphaps,, tousomregt fbre i ne
resol ution acconpl.i shed thrqugh _ the integrated cCi it actuaijors, the SLM
can fix a sig Hensng ap‘ﬁ?)"leﬁf’%i |Ip y&hﬁmﬂl‘é%"%q%éﬁet égﬁ 'ﬁ‘“g’ﬁr\lﬁ ally
adj ust abl e sl bionBichl 4a ot biofechiléBCénvirbimidhits) aé isQhown in the relative

arts. In yet still another embodiment, the SLM can be used in projection

televisions. In other examples, using the fine resolution accomplished through

the integrated circuit actuators, the SLM can fix a sigma during pupil fill and

can be part of a dynamically adjustable slit application to correct illumination

uniformity. The are all exemplary environments, and are not meant to be

limiting.

Two-Directional Movement Actuators

[0027) FIG. 1 shows a portion of an SLM 100 according to embodiments of
the present invention. In various embodiments, SLM 100 can be an integrated
circuit micro-optoelectro-mechanical system (MOEMS) SLM or micro-
electro-mechanical system (MEMS) SLM. SLM 100 includes a substrate 102
having an optional thermally insulating layer 104. An array of electrodes 106
can be coupled to insulating layer 104 or substrate 102. Actuator elements
108 are coupled between electrodes 106 and another array of electrodes 110.
Reflective devices 112 are coupled to the amray of electrodes 110. In this
configuration, actuator elements 108 can move reflective devices 112 in two
directions (e.g., up and down) when being energized via electrode 106. This

can be referred to as a piston-like motion. In one embodiment, the distance of



uniformty. The are all exenplary environnents, and are not neant to be
limting. Two-Directional Mowvenent Actuators [0027] FIG 1 shows a portion
of an SLM 100 according to enbodi nents of the present invention. In

vari ous enbodi nents, SLM 100 can be an integrated circuit

m cr o- opt oel ectr o- nechani cal system (MOEMS) SLM or m cro-

el ectro-nechani cal system (MEMS) SLM SLM 100 i ncludes a substrate 102
having an optional thermally insulating |ayer 104. An array of el ectrodes
106 can be coupled to insulating |ayes 104 or substrate 102. Actuator

el enents 108 are coupl ed between el ectrodes 106 and another array of

el ectrodes 110. Reflective devices 112 are coupled to the array of

el ectrodes 110. In this configuration, actuator elenents 108 can nove

reflective deyoG8ment t2n bB /3 x@bu{e?ecihp@%«a(raeﬂgm of Anpifiging! AgM) (nhen bei ng
energi zed via el ectrode 106. This can be referred to as a plston i ke

moti on. | n onshawm.odinnather embodimeints: the clistapce npy besmaller: sushrasgd@8or /| a. |

where X is a ‘il gn@1 E) of inmpinging light (not shown). In other
enbodi nent s, aPsH| é‘é my be smaller, such as 1/8 or 1116 X, or any

ot her. [ q0ox3] AI t hnuwugnoﬁotSspaﬁﬁﬁallyahwn,saenmdesel&ﬂ:wpbleso@ﬂ wan be
coupled to conduct deV| ces s 3. cej‘i’?)trﬁ i eI ec‘&rodes 106 to a
control | er or “2Pdugy cRpplne afes RS P substrat e
102 or be dir gewrsuppt um%}&cﬁlﬁﬁwm@&m&@ﬁ suﬁsﬁi@qtoz%ﬁl@efdﬁ@étlyﬁatlon of

such wre |nterconnec s are well known in the manufacturer manufacturing

art. [0029] E&WI%PG&CB‘P(’%IIQ%MY%@%%“?P@°W§8’°&§Y’FFQ‘“EF fctric
Dol yvi nyt ] dene TGRS in PEIGEGRO Bl BMIPLE {20 1 ke can be used
( her ei nafl0@9) t he Eaghractuator element 108 can be made using piezoelectric materials.

For example, lead zirconate titanate (PZT), zinc oxide (ZnO), polyvinylidene

fluoride (PVDF) polymer films, or the like can be used (hereinafter, the term

piezoelectric and all materials that can make up the same will be referred to as

“PZT”).

[0030] The integrated circuit actuator elements 108 work in a linear fashion,
which provides phase shift and creates interference patterns to provide finer
resolution. Also, manufacture of the integrated circuit actuator elements 108
is simpler compared to conventional actuators because integrated circuit
actuators do not require electrostatic and complex lithography techniques
during formation.

[0031] Depending on a height (e.g., thickness) of each actuator element 108
and/or spacing between actuator elements 108, each actuator element 108 can
be decoupled or coupled to each other actuator element 108, for example as
discussed below with reference to FIGS. 2-3. This can be based on a desired
use of SLM 100.

[0032] FIG. 9 shows a portion of an SLM 900 according to embodiments of
the present invention. In this embodiment, actuator elements 108 can have
varying heights in order to form an overall curved, , convex, spherical,
aspherical, etc. shaped SLM 900. It is to be appreciated that a concave shape
can also be formed. Also, actuators elements 108 can be placed in various

locations on substrate 102. Varying one or both of height and/or position of



pi ezoel ectric and all materials that can make up the same will be referred
to as " PZT" ). [0030] The integrated circuit actuator elenents 108 work
in a linear fashion, which provides phase shift and creates interference
patterns to provide finer resolution. Al so, manufacture of the integrated
circuit actuator elenments 108 is sinpler conpared to conventi onal
actuators because integrated circuit actuators do not require

el ectrostatic and conpl ex |ithography techniques during formation. [0031]
Dependi ng on a height (e.g., thicknesg% of each actuator elenment 108

and/ or spaci ng between actuator el enents 108, each actuator elenent 108 can
be decoupl ed or coupled to each other actuator elenment 108, for exanple as
di scussed below with reference to FIGS. 2-3. This can be based on a desired

use of SLM 10the ad§ 32 hctinhér eléinenBOMIB can Bifow E? Raidus difratddnYafleras &or di ng to

enbodi nents of _the &r,esent i nvention. In this enbodi nent, actuator
el ements 108 bafermsed By reflgstivesigvieesildRts in order to forman overall curved,

: convex,[mg;grﬁr i Calyith RABRREE hgl%ﬁ to i 1, SHRPER ki %gg-endettoiﬁd 9, be

appreci ate at a concave shape can also be formed. Also, actuators
el enents 108 teflecting gdevicasd 112 cemrhicogenfiguradata derm omarieusoshapat.ec-802. Varyi ng

one or both o i 0 | -8.1h . : or el enents
108 can all owi?%rgb%g&f’ F%@érﬂél’}a?%}gﬁeg’n ga%ntcé?t%sﬁffg&hgée/d ocre%ggy% reflective
devices 112. pOGRE: frbin Isilicef,cgalinme amsiudey gabiukl Gitride, glass) arathe ilikei ng
reference to glltG reflectiv

vari ous shape ¢ .‘g‘? CirP'élétaﬁ r%p?ﬁ%’lﬁ@%ﬁ 21, °§§gzs’i§r6°“§ﬁ*§’&“g'f‘]’;°§gﬁgr T gr met C.
Refl ective depiosRie thé Aesipod respons@de tier mirrdii dndcean, begade dutingas highi de, gal [ i um
nitride, glas %r’equoeilc} Qpeerlt{.olx(le(‘é.g., 50-100 kHz).
[0034] FIG. 2 shows a portion of an SLM 200 according to embodiments of
the present invention. SLM 200 is similar in operation and make-up to SLM
100, except that it includes a piezoelectric structure 202 between actuator
elements 108 and electrodes 106 and a conductive structure 204 between
actuator elements 108 and electrodes 110. These structures 202 and 204 can
allow adjacent actuator elements 108 to be coupled (e.g., controlled) together,
allowing control of a group of reflective elements 112 at a time. It is to be
appreciated that specific shapes and/or sizes of structures 202 and 204 can
vary based on implementation specific design requirements.
[0035)] In other embodiments (not shown), the bottom electrode layer can be a
single electrode across the bottom or rows of electrodes, rather than individual
electrodes 106. This can be used to minimize the number of electrical
connections. Insulator layer 104, or portions thereof, can be omitted. A single
control line would be coupled to electrode array 110 and not the single

electrode.



Integrated circuit actuator configurations and/or sizes can be tailored to
provide the desired response at the mrror and can be use during a high
frequency operation (e.g., SO 100 kHz). [00341 FIG 2 shows a portion of
an SLM 200 according to enbodi nents of the present invention. SLM 200 is
simlar in operation and nmake-up to STIM 100, except that it includes a
pi ezoel ectric structure 202 between actuator elenents 108 and el ectrodes
106 and a conductive structure 204 between actuator elenents 108 and

el ectrodes 110. These structures 202 d 204 can allow adjacent actuator
el enents 108 to be coupled (e.g., coniTolled) together, allow ng control
of a group of reflective elenents 112 at atine. It is to be appreciated
t hat specific shapes and/or sizes of structures 202 and 204 can vary based

on inpl enent a?ﬁ@%?&ﬁ&ﬁﬁh@v%@ﬁt%ﬂaﬁdﬂyi rements. 100351 In other enbodinents

(not shown), ottom el ectrode layer can be a single electrode across
the bottomor rows of el ectrodes, rather than individual electrodes 106.

Thi dt N 11 i cal ' :
sl a of0Psher 100" grenut £ pbion UMMM 08 wiEhid @ amBRER 461 )
| i ne woul d bethepgakmtdntention.e SEM®R0S issindlar fol SLMs d0hand 2000 exxepigthat el ect r ode.

-9 Four-Directional ve t. Aciuators [.003 | G ows . ortion of an
SLM 300 accor 8¢ gaﬁﬁbg@]ﬁ%ﬂ?@s oo § ons gb@gt “‘}dnjgﬁ{’]'i FhichsBR 300 i o
simlar to SlifdepeafertlytorPéllede Aetitor cliientsa88 Barbnovd fefldaive @6vicerc| udes two

sections 106A _and 106B, which are, i ndependently control]ed. Actuator
el ements 108 égrﬂnrfﬁ‘bréh‘icﬁtfqné&?-g'v@ﬂ%%é’i@e ot @@WWF’@@E‘? B®s (e.qg., up,

down, tilt | effeetrdde!dectidn8iobAPAICIOEBN OflyGheidifing VRe elebtfddfersebtfonsect i ons
106A and 106B. Only energizing one_ el ectrode section _
106A or 106B at a time accomplishes this. For example, energizing electrode
section 106A will cause actuator element 108 to tilt down left or up right (in
the perspective shown), which in turn causes reflective device 112 to move in
the same direction. The opposite is true when energizing electrode 106B.
[0037] It is to be appreciated that closed loop position control can be used to
control SLMs 100, 200, or 300. Each actuator element 108 can be used to
measure capacitance, since each PZT is basically an insulator. Measuring the
capacitance change can predict how much actuator element 108, and in turn
reflective element 112, has moved. This can be used to confirm the movement
taking place.
[0038) Also, since PZT devices have hysteresis. If SLM 100, 200, or 300
follows a predetermined algorithm and repeats it, each actuator element 108,
and in turn each reflective device 112, can have repeatable positions. Using a
proper algorithm can reset the PZT material every time it is moved, so that

positions can repeat quite accurately.
Method for Making an SLM with an Integrated Circuit Actuator

[0039] The following is one example process 400 that can be used to form
SLM 100 or 900. It is to be appreciated many other processes used to form
integrated circuits that are now know or developed in the future are also

contemplated within the scope of the present invention.



106A or 106B at a tine acconplishes this. For exanple, energizing el ectrode
section 106A will cause actuator elenent 108 to tilt down |eft or up right
(in the perspective shown), which in turn causes reflective device 112 to
nove in the sanme direction. The opposite is true when energi zing el ectrode
106B. [0037] It is to be appreciated that closed | oop position control can
be used to control SLMs 100, 200, or 300. Each actuator elenent 108 can be
used to neasure capacitance, since each PZT is basically an insulator.
Measuring the capacitance change can.,predi ct how nuch actuator el enent

108, and in turn reflective el ement T 2, has noved. This can be used to
confirmthe novenent taking place. [0038] Also, since PZT devices have
hysteresis. If SLM 100, 200, or 300 follows a predeterm ned al gorithm and
repeats '(?1040]3610“ LI Mov! £1BWehaHBepictgth l‘ﬂ%tﬂoﬂrcﬂjo%ﬁ&dfn?ftbeﬁlt've devi ce
112, can have repeatabl e positions. Using a froper al gorithm can reset the
PZT material ewbodimentaef the presentipwentions dn step 02, ppeandpeiiys iggonnsgleat quit e
accurately. . ' M i [.n . ' 1.1, Act uat or

[ 0039] The fgﬁ%gﬁfﬁgﬁ%?u%ﬁ%qugﬁp g 6@3% sgﬁhébﬁﬁﬂéﬁ;gg ' %ﬁﬁggh to form
SLM 100 or 90€lemktits iase farmied onpthe eondictive iergormedtepattemocbsstep 4068ed to form
Integrated circuits that are ngw know or de oped.in the future are al so
cont enpl at ed TRIHRC fﬁga"%‘@f)ﬁﬁe g’f‘"?‘ﬂ&"ﬁ?&&#ﬁ%@@ﬁt“%ﬂf p'-eﬁ?&l‘f 40] FIG 4
shows a f| owcblefkntsle i @ép 408, mirors hrdorkidd cadhoeleitivged on the endsifdteki ment s of
the present invention. In step 402, a conductive interconnect pattern is
formed on a shisielestric elgments oy 404, a plurality of piezoelectric elenents
are forngghsdp the ERNOSIGHOWE o NEWEHRANIRGAng abthily Bf slePs YeAPmfdbin I espective

el ectrodes are forned on an end of the plurality of piezoelectric
method 400 according to an embodiment of the present invention (steps 502-

522).

[0042]) In step 502, which is related to step 402, subétrate 102 {e.g., silicon,
sapphire, and silicon on sapphire, etc.) is plated with an interconnect pattern
using a suitable conductor (e.g., nickel, etc.) to provide electrodes 106 (e.g.,
individual ohmic connections to the PZT layer 108 to be formed later).

[0043] In step 504, which is related to step 404, a film of PZT material 108
can be formed using deposition, sputtering, evaporation, plating, or any other
know or future developed process. A layer several microns thick may be
needed depending upon a specific application of SLM 100.

[0044] In step 506, which is related to step 406, a top conductor layer 110 can
be formed to provide ground plane connections for PZT actuator 108.

{0045] Steps 508 to 518 are related to step 408.

[0046] In step 508, materials used to form reflective devices 112 can be

applied. In step 510, the material for the reflective devices 112 can be coated,
for example, with resist that is subsequently exposed in step 512 with a
reflector pattern. In step 514, the resist can be developed. In step 516, the
mirror layer areas can be exposed to be etched. Reflector size can be selected
to have a single PZT actuator 108 per reflector 112.

[0047] In one embodiment, an anisotropic etching technique can be used to
etch through unmasked areas of the reflective device/PZT layer. This will

form mirror/actuator arrays, while substantially reducing actuator



el enments. In step 408, mrrors are formed on the el ectrodes on the ends of
the piezoelectric elenments. [0041] FIG 5 shows a flowhart show ng
details of steps perforned in method 400 according to an enbodi ment of the
present invention (steps 502- 522). [0042] In step 502, which is related to
step 402, substrate 102 (e.g., silicon, sapphire, and silicon on sapphire,
etc.) is plated with an interconnect pattern wusing a suitable conductor
(e.g., nickel, etc.) to provide electrodes 106 (e.g., individual ohmc
connections to the PZT | ayer 108 to bq%jorned | ater). [0043] In step 504,

which is related to step 404, a filmof PZT material 108 can be formed

usi ng deposition, sputtering, evaporation, plating, or any other know or
future devel oped process. A |ayer several mcrons thick may be needed

dependi ng upom&rmgg.fﬁﬁmm&l bfcsdth eRhfueslddh 1 Pudel POrthlly Bssist@P 506, which
is related to step 406, a _top conductor |ayer 110 can be forped to provide
ground pl ane Plesm elchingeghsiquesz spufter teghpiquesy don milbjng) etest dpgnather t o 518 are

related to st gﬂbﬁém%%glégéblhfbﬁséﬁpbég% Gf‘%}e@ﬁﬂaﬁ:' Al deickom reflective

devices 112 can a step matertal for the reflective
devi ces 112 ceembms.coated, for exanple, with resist that is subsequently

exposed g@é@i ep 5 gé&ﬁé%f#gﬁﬁé%ispﬁbg%“w step 514, the resist can

be devel In s ror rareas can be exposed to be
et ched. [WMBECt Or Stegses20:822he: cptibral seps ndt epdeificallyustdivngh EIGRAT act uat or 108

Fechni quidtsh be- igcteR 520. & PR PRI FEAS BFAPELE BRRe TT 1 oot i ve
devi ce/ PZT | aygface With an Wéthdtor paGtérthérédn0r / act uat or arrays, while
substantially reduci ng actuataor -1

[0051{ In step 522, SLM 100 can]be packaged and/or bonded.

[0052] It is to be appreciated that actuator elements 108 can be formed using
other equivalent process steps and/or other orders of process steps, as would
be known to one of ordinary skill in the relevant arts.

[0053] In one embodiment, actuator elements and the associated reflective
devices can have diameters or widths of as small as about 1 micron, which is
magnitudes smaller than the conventional actuators that can typically only be
as small as about 16 microns. This is accomplished through using the
integrated circuit manufacturing techniques (e.g., photolithographic
techniques) described above. It is to be appreciated that even smaller
diameters or widths are possible for the actuator elements and/or mirrors as
integrated circuit technology advances. Thus, a very high resolution SLM can
be manufactured that is able to be used in very small wavelength environments
(e.g., EUV). Itis to be appreciated that the ranges for mirror size and density
may change in the future as technology advances, and are not meant to be
limiting, only exemplary.



under et chi ng. Exanpl es of such techniques can include chemcally assisted
pl asma etching techni ques, sputter techniques, ion mlling, etc. In another
enbodi ment, | aser ablation can be used to separate reflective devicel/ PZT

el enents. [0048] In step 518, the renmmining resist can be renoved. 100491
Steps 520-522 are optional steps not specifically shown in FIG 4. [0050]
In step 520, a | apping operation can be perforned to provide a flat

surface with an actuator pattern thereon. [0051] In step 522, SLM 100 can
be packaged and/or bonded. [0052] It _i1§_to be appreciated that actuator

el ements 108 can be forned using other equival ent process steps and/or

ot her orders of process steps, as would be known to one of ordinary skill
in the relevant arts. [00531 In one enbodi nent, actuator elenents and the
associ at ed r efleggddeFurtedeVi C€S can have dianmeters or widths of as small as
about I mcron, which is magnitudes smaller than the conventi onal
actuators that can typically only be as snall as about 16 mcrons. This is
acconpl i ghgdythro Sk RQ e E@:}:ﬁ f 8§ t echni ques
(e.0., aot o!ltho;?izgl}* 68 %ﬁggﬁr‘{fd&é}}essg esgr nre a 8%% fdsem?%gbe

appr eci at ed tbmbochmemtssﬁwapewcntdnmomrﬁemndmgwm aapluapusngLM for the

actuator ele nd/ or rror te CidCULL te ogy
advances. UE&} 3“‘@ r °‘Fﬂ'§‘h‘“?é t | %dngﬁ%@ ﬁﬁdbfed’ohg;ﬁh ac eg{r-'lgé(f that is
able to be uspdtenfs canrbe wed| Theveleetradegiatteranused eilhdiotate th(:muglm:r V). It is
to be appreC| ted t he s, for_mrror 5|ze n nsj t may change
in the fut ure Mﬁ%ﬁn@s It 35,tp D& P &'8 B’&%"?ﬂ mting,
onl'y exenpl ar )ziatterﬂszshEbvﬂthtHéiS figafck Qi Hiscussed above are merely exemplary,

and not meant to be exhaustive. Other electrode patterns can be used, and are

contemplated within the scope of the present invention. For example, an
number and any placement of electrodes can be used to provide any desired
location of an axis of rotation or axes of rotation. This is all a result of using
integrated circuit actuators.

[0055] FIG. 6 is a top view of a pattern 600 of either first electrode array 106
or second electrode array 110 on actuator elements 108. Pattern 600 allows
SLM 100 to rotate or pivot about four axes.

[0056] FIG. 7 is a top view of a pattern 700 of either first electrode array 106
or second electrode array 110 on actuator elements 108. Pattern 700 allows
SLM 100 to rotate or pivot about one axis.

[0057) FIG. 8 is a side-view of a section of SLM 100 according to
embodiments of the present invention. In this configuration, in addition to
first and second electrode arrays 106 and 110, a third electrode array 800 and a
fourth electrode array 802 are coupled/deposited to actuator elements 108.
This can allow for X, Y, and Z motion for the actuator elements 108 and
respective reflective devices 112. Therefore, mirrors 112 can “shift” or be
displaced side to side (in the perspective of the figure) when electrodes
800/802 are energized. It is to be appreciated that only one pair of electrodes,
106/110 or 800/802, can be coupled to opposite walls of the actuator elements
108.



[ 00541 FIGS. 6-8 show various el ectrode patterns according to various
enbodi nents of the present invention. Depending on an application of SLM
100 and/or a coordinate systemused to control SLM 100, various el ectrode
patterns can be used. The el ectrode pattern used will dictate the nunber of
degrees of freedomfor SLM 100. It is to be appreciated that the el ectrode
patterns shown in these figures and di scussed above are nerely exenplary,
and not neant to be exhaustive. Qther electrode patterns can be used, and
are contenplated within the scope of_gpe present invention. For exanple,
an nunber and any placenent of el ectrodes can be used to provide any
desired location of an axis of rotation or axes of rotation. This is all a
result of using integrated circuit actuators. [00551 FIG 6 is a top view
of a pattern E@fiefioi ther first electrode array 106 or second el ectrode
array i 10 on actuator elenents 108. Pattern 600 allows SLM 100 to rotate
or pivot about four axes. 100561 FIG 7 is a top view of a pattern 700 of
ei ther fijoos8) el ect wiile wiiody ehHodintehisS 6F Qhel pedseitt inelstionr hawe bddh on act uat or
el ements 108. Pattern 700 allows SLM 100 to rotate or %ﬁﬁ?ﬁi about one

axis. [00571 figscribeg sbeve, itshepld be wngertoo that they bav ¥ ding to
enbodi ment s OBféﬁﬁlpwsﬁa?rﬁndlnevmtm It onﬁ bé gpﬁ%iw&@maanem addition to

first and second el ectrode arrays 106 and third el ectrode array 800
and a fourt hﬂslrel@vané@@ mtrwomaaseé %&rm ang) drtailoeanchegmads therelat or

el ements 108. 13 rit ¥nd SopoEindinYotidoR N ThY, tHelbeeadl Uat or

el ements 108 an 1ve re {ectlve devi ces 112. Thérefore, mrrors 112
can "shift" oaud)smpejoéqhb arsseht siveatianoshguld ot b limitest lpeansmféhq shovef the

hat ohl y. oneCtpedheplafy ot oBF gl uephia bl PSR B0 20 7

opposi te wal | svithfthe foHowing ehrims aneltiheirsyniyalents.



108. -13 Conclusion [00581 Wil e various enbodi nents of the present

I nventi on have been described above, it should be understood that they
have been presented by way of exanple only, and not limtation. It will be
apparent to persons skilled in the relevant art that various changes in
formand detail can be nade therein w thout departing fromthe spirit and
scope of the invention. Thus, the breadth and scope of the present

i nvention should not be [imted by any of the above- described exenplary
enbodi nents, but should be defined onlly in accordance wth the foll ow ng
claims and their equivalents. -14 Wt S LA NED 1S, | - A

m cr o- opt oel ectro-nechani cal system (MOEMS) integrated circuit spatial

| i ght nodul ator conprising: an array of reflective devices; an integrated
circuit actuapgjateel adviED @: substrate, the integrated circuit actuator
havi ng an array of actuator elements; and first and second arrays of

el ectrodes coupled to opposite walls of the actuator el enents. 2. The
spatial |ight nodul.at orA ahicrorepiteelettrovmeshanical systenn MOEMS) integeatadnt s and

el ectrodes arg,l %Bhga&l ?‘ﬂfﬁq%uﬁﬁfif%‘ﬁﬁﬁlﬁ flective _eI ements i n two

directions. e spa or of claim1, wherein the actuator
el enrents and eI ect rodemyoﬁnﬂe@nddvlcus nove the reflective elenents in
four directions. an integrated circuit actuator coupled to a substrate, the
integrated circuit actuator having an array of actuator elements; and

first and second arrays of electrodes coupled to opposite walls

of the actuator elements.

2. The spatial light modulator of claim 1, wherein the actuator
elements and electrodes are configured to move the reflective elements in two

directions.

3. The spatial light modulator of claim 1, wherein the actuator
elements and electrodes are configured to move the reflective elements in four

directions.

4. The spatial light modulator of claim 1, wherein each electrode

in the second array of electrodes comprises first and second electrode sections.

5. The spatial light modulator of claim 4, wherein the first and
second electrode sections and the first array of electrodes are configured to

allow the actuator elements to tilt the reflective devices.

6. The spatial light modulator of claim 1, further comprising:
a first coupling device between the actuator ¢lements and
electrodes in the second array of electrodes; and
a second coupling device between electrodes in the first array

of electrodes.



4. The spatial |ight nodul ator of claim11, wherein each electrode in the
second array of el ectrodes conprises first and second el ectrode secti ons.

5. The spatial light nodulator of claim4, wherein the first and second

el ectrode sections and the first arnmy of electrodes are configured to
all ow the actuator elenents to tilt the reflective devices. 6. The spati al

| i ght nodul ator of claim1, further conprising: a first coupling device

bet ween the actuator elenments and electrodes in the second array of

el ectrodes; and a second coupling devi.gce between el ectrodes in the first
array of electrodes. -15 7. The spatig “light nodulator of claim 1, wherein
adj acent ones of the actuator elenents have different heights. 8. The
system of claim2, wherein the actuator el enent noves the reflecting

devi ce about one-qgsart Ot Whdde it I, ion. 9. The
spatial |ight rmdur'at o?f%e?&gﬁaéwﬁ#l%ﬁﬂg?reie{\?lh?ﬁg’ ﬂlér?esl?adgjrhfgi; ogg el ectrodes

i s coupl ed bevfibeactuatdr slenentmishve flifferant heightsiat or el enents and the reflective
devi ces; and the second array of electrodes is coupled between a second end
of the actuator elenents and a substrate. 10. The spatial |ight nodul ator
of claim 1, wherei8 theThectystamad claih @nwhérein dliecactatol elpmestnevesithe hat t he
reflective deviges form overal | curved . shape.. .11. The.spatial |ight
nmodul at or of quéftﬂﬁgl‘i,jwm %\tﬂnﬁ'ﬂ,‘@“&‘?{h‘i’%’ﬁmﬁgm én%af':g%f d in varying
hei ghts and positions on the substrate, such that varying wavefront
patterns are genergted %g light reflecting therefrom

e spatial light modulator of clairn 1, wherein:
the first array of electrodes is coupled between a first end of the
actuator elements and the reflective devices; and
the second array of electrodes is coupled between a second end

of the actuator elements and a substrate.

10.  The spatial light modulator of claim 1, wherein the actuator
elements are configured such that the reflective devices form an overall curved

shape.

11.  The spatial light modulator of claim 1, wherein the actuator
elements are formed in varying heights and positions on the substrate, such
that varying wavefront patterns are generated by light reflecting therefrom.



-16 12. A nethod of form ng a spatial |ight nodul ator having an integrated
circuit actuator device, conprising: (a) formng a conductive interconnect
pattern on a substrate; (b) formng a plurality of piezoelectric elenents
on the conductive interconnect pattern; (c) form ng respective el ectrodes
on an end of the plurality of piezoelectric elenents; and (d) formng
mrrors on the electrodes on the ends of the piezoelectric elenents. 13.
The net hod of claim 12, wherein step (a) conprises: (al) plating the
conductive interconnect pattern. 14. The nethod of claim 13, wherein step
(al') conprising using nickel as the conductive material. 15. The net hod of
claim12, wherein step (b) conprises: (bl) depositing a piezoelectric
material on the conductive interconnect pattern; (b2) coating the

pi ezoel ectric matefd al AVih&hé® SF Torming a3 3pafial AfhtNGodilataf thadihgranpattern on
the resist; (b4) developing the resist such that actuator areas remain
coat ed; and (Bupsrated duitapsRuar deyice: WHPRSINEhr ough unnasked areas of the

pi ezoel ectric mterial .o fmihe oithibih iferdohitobakEm i hsituet ep (bl)
conprises using at |east one of sputtering, evaporation, and plating. -17
(b) forming a plurality of piezoelectric elements on the
conductive interconnect pattern;
(c) forming respective electrodes on an end of the plurality of
piezoelectric elements; and
(d) forming mirrors on the electrodes on the ends of the

piezoelectric elements.

13.  The method of claim 12, wherein step (a) comprises:

(al) plating the conductive interconnect pattern.

14.  The method of claim 13, wherein step (al) comprising using

nickel as the conductive material.

15.  The method of claim 12, wherein step (b) comprises:

(bl) depositing a piezoelectric material on the conductive
interconnect pattem;

(b2) coating the piezoelectric material with resist;

(b3) printing an actuator pattern on the resist;

(b4) developing the resist such that actuator areas remain
coated; and

(bS) anisotropically etching through unmasked areas of the

piezoelectric material.

16.  The method of claim 15, wherein step (b1) comprises using at

least one of sputtering, evaporation, and plating,



17. The method of claim 15, wherein step (b5) conprises using at |east one
of chem cally assisted plasma etching, sputter, and ion mlling

techni ques. 18. The nmethod of claim 12, wherein step (c) conprises: (cl)
depositing a conductive layer; and (c2) coating the conductive |layer with
resist. 19. The nethod of claim 12, wherein step (d) conprises: (dl)
printing a mrror pattern on the resist; (d2) developing the resist such
that mirror pattern areas are exposed; (d3) depositing mrror material on
the mrror pattern areas; and (d4) rgeoving all remaining resist. 20. The
met hod of claim 12, further conprising using at |east one of silicon,
sapphire, and silicon on sapphire as the substrate. 21. A nethod
conprising: (a) receiving light at an integrated circuit MOEMS spati al
light nodul ator hewi noriRm@héddf Qimni s, Whetein €16 (bSPvomgriseasing & or s usi ng
integrated circuit PZT actuators, aqn the NQENB spati al Light.nDduIator vi a
el ectrodes colsptteene: ol Faamicallyassisted plasma Fighiag. sRAEES GE PR JBHING, ( he 1 ght
i nteracting W&kﬂﬁé mrrors. 22. The nethod of claim 21, wherein step (b)
conprises: energizing a first and second array of electrodes coupled to
opposite walls of the actuator elenents, such that the actuator el enents

and the mirrors opupl eff thak&f & NS 2! PhdriiR sidh [ Ebpss: - 18

(c1) depositing a conductive layer; and
(c2) coating the conductive layer with resist.

19.  The method of claim 12, wherein step (d) comprises:
(d1) printing a mirror pattern on the resist;
(d2) developing the resist such that mirror pattern areas are
exposed,
(d3) depositing mirror material on the mirror pattern areas; and

(d4) removing all remaining resist.

20.  The method of claim 12, further comprising using at least one

of silicon, sapphire, and silicon on sapphire as the substrate.

21. A method comprising:
(a) receiving light at an integrated circuit MOEMS spatial light
modulator having an array of mirrors;
(b) moving the mirrors using integrated circuit PZT actuators
on the MOEMS spatial light modulator via electrodes coupled thereto; and
(c) forming a wavefront based on the light interacting with the

mirrors.

22.  The method of claim 21, wherein step (b) comprises:
energizing a first and second array of electrodes coupled to
opposite walls of the actuator elements, such that the actuator elements and the

mirrors coupled thereto move in two directions.



23. The nethod of claim22, wherein the two directions are towards and
away froma substrate supporting the el ectrodes. 24. The nethod of claim
21, wherein step (b) conprises: energizing electrodes in a first array of
el ectrodes coupled to a first wall of the actuator elenents; and

energi zing one of first and second el ectrodes in a second array of

el ectrodes coupled to a second wall of the actuator elenents, such that the
actuator elenents and the mrrors coupled thereto nove in four directions.
25. The nethod of claim24, wherein the four directions are toward, away,
and tilted in two directions with respect to a substrate supporting the
actuator elenents. 26. The nethod of claim 21, wherein the actuator el enent
noves the reflecting device about one-quarter of a wavelength of light in
each direction. 27. The system of claim 3, wherein the actuator el enent

noves the reflecting device about one-quarter of a mavelen%%h of light in
each direction. 2823-Thelhsemsthgdoof glam R2p Whergin (the (tWo o Aissetiens & ener gi zi ng

el ectrodes intévmdsfaha%&&f}&ﬁ%@ﬂﬂ@ﬁp@ﬁ%m@&%&des, such that the

actuator elenments and the mrrors coupled thereto nove in a plurality of
directions.

24.  The method of claim 21, wherein step (b) comprises:
energizing electrod&_s in a first array of electrodes coupled to a
first wall of the actuator elements; and
energizing one of first and second electrodes in a second array
of electrodes coupled to a second wall of the actuator elements, such that the

actuator elements and the mirrors coupled thereto move in four directions.

25. The method of claim 24, wherein the four directions are
toward, away, and tilted in two directions with respect to a substrate

supporting the actuator elements.

26. The method of claim 21, wherein the actuator element moves
the reflecting device about one-quarter of a wavelength of light in each

direction.

27.  The system of claim 3, wherein the actuator element moves the

reflecting device about one-quarter of a wavelength of light in each direction.

28.  The method of claim 21, further comprising:
energizing electrodes in the first and second array of electrodes,
such that the actuator elements and the mirrors coupled thereto move in a

plurality of directions.



