-1- SPATI AL LI GHT MODULATOR USI NG AN | NTEGRATED Cl RCUI T ACTUATOR AND METHCD
OF MAKI NG AND USI NG SAME BACKGROUND OF THE | NVENTI ON Fi el d of the

I nvention [0001] The present invention is related to spatial |ight

nodul ators, and nore particularly, to reflective spatial |ight nodul ators.
Background Art [0002] A spatial | ight_l_rmdul ator (SLM (e.g., a digital

mcro mrror device (DVMD), a liquid crystal display (LCD), or the like)
typically includes an array of active areaiﬁ‘e. ., mrrors or transm ssive
aloas) that aBEACUH: HFHEMORULATOR USRIC ANISTEGRATED GBGHIE desi r od
pattern. A pred®EMHIR AARIMITIHGD 08 MAKING AND HISHICESAHME based on a

desired exposure pattern is used to turn ON and OFF the active areas.

[ 0003] Conventional refl e‘g&( iﬁ\% WQQ‘@ g., reflective el enents,
pi xels, etc.) as the acth éﬁ@ . Qh{ control |l ed using
electrical <circuits that cause resilient devices (e.g., leverage arns) to
tilt or nove the mrrors. For exanple, electrostatic tilting mrrors can
be used. Theiglipfthg Inyentigppyi ng cause light transmitted towards the mirrors
to be reflected towards or - anay froma target. SLMs have i ncl uded

I ncreasi nglly smaller mrrors-in recent years to conply with the increasing
resol ut [08M]r equi rT&e pessent iiesention-isielaled to gngtiaiHisht meduletere agdmpRe si ze of the

mrrors is ?ﬁ““%@?’m?&%@ﬁ%ﬁm nf{iﬂo‘ﬁﬁfato?@m‘f acturing technol ogy and

materials u exanpl e, “curr mrrors can be as small as about 16
mcrons in wdth or dianeter. Exanple environnents using an SLM can be

phot ol i t hogr@RlytonddBads | €ss

[0002] A spatial light modulator (SLM) (e.g., a digital micro mirror device
(DMD), a liquid crystal display (1.CD), 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 deéired pattern. A predetermined and previously
stored algorithm based on a desired exposure pattern is used to turn 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 arms) 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. 7

[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




phot ol i t hogr aphy, biotechnol ogy, projection televisions, and the |iKke.

[ 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 2  sem conductor wafer or glass substrate. Wile
this descriptionis witten in ternms 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 inage projected onto
t he surface ssfidohduciexfveaferbgr glasp eshstrate. dFhile thig deseripdidnvis whitten & | i t hogr aphy
apparatus. Vil e p ' r ' ase . fol it hography,
a different \Q%}Jbseogé g%é@&?‘g&a%%%?aﬁugs@g ABQ &‘E@%@ %gdgésgfgnge on the
particul ar agmppdsesatonenkilledrin aheanp veonldk recaghize that thie desetiption, alsr phot on

| i t hography each cap require . a different._ex r.e .apparatus, as is known
to those skiﬁpf’ﬁ%?t?H&F%téfg?ﬁf?“bfﬁ%ﬁspEWPé%P‘a?‘%%ﬁﬁ@e * photolithography is
di sgusspjdoﬂer e fm:ihlgldjlﬂﬁigﬁa@hy,vaew_ﬁr,mlﬁas i@dﬁkpblsed 00 QGYafdihQagel O fact ed i mage
produces changes.i,n the characteristics of a er, or exanpl e

ot or aai o HHGESP CEATBH PIRCL ik BeoRTReE ofai Mt Y SHb NG es
correspond taptitdMRcdtaPiviii s HBORPRY SpailsO WHER: sipbsire sHiics ig usogpOSUT €.
Subsequent t.o exposure, the |ayer c¢an be etched to produce a patterned

layer. The Pia@ssoigboradithe  polifforent dypeef eapesure APBIaE €8 Bnt o t he wafer

during expastd Qepchling SRtk pRGELERYSichtfont NGRY lé%@rﬂ?lte,oxfrﬁ‘y;ﬂl}:‘ﬂ, or further
process exposed portions of ‘underlying structural 1ayers wthin the wafer,
such as electron, or photon lithography each can require a different exposure -

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
correspond to the features projected onto the wafer during exposure.
Subsequent to 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.




conductive, sem conductive, 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]

St ep- 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 time, individual fields are scanned onto the wafer one at a tine.
This is acconplished by nmoving the wafer and reticle sinmultaneously such
that the imaging slot is noved acrags the field during the scan. The wafer
stage mnust 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
i s maxi [088d. - 3-Con0afishal Gihagraphico systenisi aridogethpis formyinages oared net hods form
i mages on a sem condu [ fer. The. m ical l ) l.i t hographic
chanber thatselglé(:og‘guecgqré%\ag%' }[ﬁ%eg%sh al 103%? %a%ﬁa]}rt%%{pgicﬁé?mp%r a(’): %5 the process
of i mage f ordesighaino cotainlae apnitacthatpetfomsthé priocesd bfinmbafdmatiean be desi gned

to have different .gas, m xtures_and/or: grades, af vacuum dependi ng on the
wavelength o F Sricotiurhe v HEE QTR aBbr e te dednsils BRRARRERGE "Fhe
cham_:)gr. ﬁ tgeamiﬂinebiaﬁ:h& 'gxﬁdesnﬂszaaﬁ;d fdependifig bh kHenddveleh g oitmgllitpe (1 OcaLed
out side the system thrq an,.optic stem an jmage outline on the
reticle, anc}’eﬁ'gs‘bgﬁ né @B%EG%PO%WFiHS%IGéﬁ%FW@ﬁ%eAWﬂ lﬁ%fﬁ a

sem conduct Giasseaiffim ad ARPRhation Rbbice l(lobitedbutsigd el s?@cefhﬁ tHr&upHi dned to
fabricate a device on the substrate. These reticles are becom ng

i ncr easi ngl yePEEAl SYSfeB AR ¥age outine GRithrgretile, angdiusesend PriicRl fYSte® t he feature

sizes and t R Rtdridifls Wath 8 seicSRiubRpiWhfeed for small feature sizes. Al so,
areticle can only be Used for a certain period of
[0009] A plurality of reticles is required to fabricate a device on the substrate.

=hD

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 worn 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.




time before being worn 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 becom ng increasingly,
and possibly prohibitively, expensive. [0010] In order to overcone these
dr awbacks, maskless (e.g., direct wite, digital, etc.) |ithography
systens have been devel oped. The nmaskl ess system replaces a reticle with a
SLM However, as feature sizes becone smaller, conventional SLMs nay no

| onger provide the required resolutign needed. [0011) Therefore, what is
needed is a system and nethod providing an SLM that can be used for very
hi gh resol ution environnments. -4 BRI EF SUMVARY OF THE | NVENTI ON [ 0012]
Enbodi nents of the present invention provide an integrated circuit

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

including an array of rgRimediMeLdey OresE dVERTRI§ated 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 ectri g@ii2pner Q\EfkyRiAes of tHehfrefil hab@ion'frbald ah iteerdted chc@zoel ectric
material) to expand or contract, which _noves the ref ctlng devices in a

cor respondi nEpEt-PRiesleche-mechanieal system | (MOEMB) spatighplight nedulaer  he present

i nvention prp¥iuges ad aﬁay bPebflebtie! deticddd ah Ritegratbd &Wuﬂgicﬁfﬁt%pﬁawﬂ_é ansm tting
light towards a Integrated circuit spatial ht nodulator having an

array of i r#orEy qt‘mmﬁgr elﬁrn@ﬁsnﬂ#ﬁte%sqqgqumpéﬁp e eupledita act uators
via el ect rod@%ﬁ&%&%ﬁé& &t e actirb W8 erfs. V@Mﬁ%&ag%erﬁféﬁ{j?a%b the light

i nteracting th the mrrors. [0014] Further eatures, and
advant ages othe pﬁ@at@rxgggpﬁl (e.g., piezoelectric material) to expand or contract, which

moves the reflecting devices in a corresponding direction.

[0013] A still further embodiment of the present invention provides 2 method
including the following steps. Tramsmitting light towards a MOEMS
integrated circuit spatial light modulator having an array of mirrors. Moving
thé 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.




I nventions, as well as the structure and operation of the various

enbodi nents of the present invention, are described in detail below wth
reference to the acconpanying draw ngs. BRI EF DESCRI PTI ON OF THE

DRAW NGS/ FI GURES [ 0015] The acconpanyi ng drawi ngs, which are incorporated
herein and forma part of the specification, illustrate the present

i nvention 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 ingention. [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

i nvention. -5- [0018] FIG 3 shows a portion of an SLM according to

enbodi nfiot8] of t FEG. Pskent portive of ko SLM £04dingFb Gmbddisteniaofdhd | owchar t
depicting a net htod fgr maki ng an SLM according to enbodi nents of the

pr esent i nveftiTon™ %01_ FIG 5 shows a flowchart showi ng details of
steps poi9yr med FIGF4 Ghows aaftowehalt /dgpitiing0d enetlivd Ot MRakingOdn SD®L pr esent

i nvention. [002 FI % 7, and 8 show various el ectrode patterns

accordi ng t GGERPS e ?i‘itsrfgzliesprﬁsf’mt‘ﬂ@“ﬂ?%sent invention. [0022] FIG 9
shows ajop2et | on @G sholwdladioaehat Sewing RS of A%eherfernet REFIGQIUEsent

i nventi on. invention wll now be described with

[0023] The present
reference t CtRENE Mﬁﬁg’ﬁ Bt ofithemresgRt inysHiethe drawi ngs, |ike reference
nunber sy 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. Additionaily, 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 a 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 elemenis to




i ndicate identical or functionally simlar elenments. Additionally, the

| eft-nmost digit(s) of a reference nunber nmay identify the drawing in which
the reference nunber first appears. DETAI LED DESCRI PTI ON OF THE | NVENTI ON
Overvi ew [ 0024] While specific configurations and arrangenents are

di scussed, it should be understood that this is done for illustrative
purposes only. A person skilled in the pertinent art wll recognize that
ot her configurations and arrangenents can be used w thout departing from
the spirit and scope of the present-6invention. It will be apparent to a
person skilled in the pertinent art that this invention can also be
enployed in a variety of other applications. [0025] Enbodi nents of the
present invention provide a MOEMS or MEMS SLM that includes an integrated
circuit actumedde pewer thsrethe Hagh ameyiof Plesiodes capnbavsl ¢uehelg®Bhy or ot her

simlar techplfnisSsectiii. a?ﬁélﬁ&é}zlr %t* ﬁg&&ﬁ@@%@%%ﬁﬂi éhe%ﬁ%?%ﬁhe whi ch can be

made from piezoelectric materials. First and second electrode arrays are
coupl ed to d¥pbend exevneved vig the memator elements basedrem the alestricgl engrgw/i de power

t hereto. Eagh. ar f s can have one or nore electrode sections.
The array oﬁ£ﬁ§?ﬁ§%¥¥&% 32%%%§%§forns the mrror of the SLMand are noved
vi a t helf2djuat or Irebrenexampletvaviesiment, theeSLM ewt rd wsed ingiaegy a ridigleng pr ovi ded to

h I d . | b di
bl ace of & rabghes pboleBafn i TBeS Ebl SR nerhll? AR 05 12010

substrate. lezampief fier SIdkacupl be ushi ibldM ajactiva optédl] isgstempodjaecti on opti cal

system of a phohLEANOUEPY fuct 8k i LphliRaS Vil RPISILE 3l 11 Shape, to
aberrations in a wavefront. In yet another example, the SLM can be used in

biomedical and other biotechnology environments, as is known 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 infegrated 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 array 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




aberrations in a wavefront. In yet another exanple, the SLM can be used in
bi onedi cal and ot her bi otechnol ogy environnents, as is known in the
relative arts. In yet still another enbodi nent, the SLM can be used in
projection televisions. In other exanples, using the fine resolution
acconplished through the integrated circuit actuators, the SLMcan fix a

sigma during pupil fill and can be part of a dynamcally adjustable slit
application to correct illumnation uniformty. The are all exenplary
environnments, and are not neant to b& limting. Two-Directional Myvenent

Actuators [00271 FIG | shows a portion of an SLM 100 according to
- enbodi nents of the present invention. In various enbodi nents, SLM 100 can
be an integrated circuit mcro-optoel ectro-nechanical system (MCEMS) SLM

or micro- elmeemsrheahent/c s Asyhwrehit vewsylesgtivof gpnngiog lighiciates a
substrate 1Qg, Y@avnﬁpgﬂl e dif ﬂ%enﬁétﬁﬁlalﬂ H}, llé?l%?o%ﬁ% ot04. An array

of el ectrodes can be couple o 1 nsul a substrate 102.
Act uat or el elfk,or ap@hearr.e coupl ed bet ween eI ectrodes 106 and anot her array

of electrodes 11 flectiv ces dto.t array of

el ect roh’ggﬂllo. %ﬁth? n°t %’ﬁ?‘ﬁ&"’glsa?lrh 313%%3 6§é)§$“eﬁ%ﬁ?1?kf%§’ can nove
reflecti \ée dﬁﬁdhxlz:ﬁse ddsdces T?) g\l\/@gll_rﬁ@l doﬁpﬁngoegéchbﬂ?sglﬁﬁ agpa esntolikaVir)a V\/nenl 'bEi ng
energi zed via electro | can eferre S @ pjston-like
nmotion. In &?@’%%8{}' W‘“f fRe & E‘f?}\%i‘ stbs %éﬁg ﬁ‘P e + - ~, X
where X is aeowﬁy&{oeéleﬁad&f 106MTiagslit RAd fabﬂéﬁuoﬁ R buchStigddercohfect her

enbodi nent s e distance may be smaller, such as 1/8 or 1/16 X, or any
other . [ 0028Vl knosagn rgrafshre meapfaghE®@dth, el ectrodes 106 can be

coupl ed[O‘)@Q} Each actuator element 108 can be made using piezoelectric materials.
| For example, lead zirconate titanate (PZT), zinc oxide (ZnQ), polyvinylidene
fluoride (PVDF) polymer fiims, or the like can be used (hereinafter, the term
piezoelectric and all materials that can make up the same will be referred to as

“PLT™). ]

[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 SEM 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




conductive devices (e.g., wires) coupling electrodes 106 to a controller or
a - power supply. The wire can either pass through substrate 102 or be
directly coupled to el ectrodes 106. Layout and fabrication of such wire

i nterconnects are well known in the manufacturer manufacturing art. [0029]
Each actuator element 108 can be nade using piezoelectric materials. For
exanple, lead zirconate titanate (PZT), zinc oxide (ZnO, polyvinylidene
fluoride (PVDF) polyner films, or the like can be used (hereinafter, the
term piezoelectric and all naterialg-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. A so, manufacture of

t he i nt egr atthelamsy efifctuaige elgmenss 1 Q8 eneiew fapariopsdifiagiionpatiemiimr ed t o
conventi onal t L grated circuit actuators do not require
bR Qa1

el ectrostati ography techni ques during formation. [0031]
Dependi [0§33n a héVighreférenag. againip FlGiebs pnd fontinuing aefexgaecoto HGeRent 108

and/ or spaci nﬁec%%v&lg%&gﬁt&gaéagr beeltcﬁgggﬁgdt }Q%m?afagoasctsﬂ%ggr e_gl enent 108 can

be decoupledﬁor coup each ot her®actuator el enent or exanpl e as
di scussed beakammgnar cirxele qessaeshhpedFispheric2etd. Reflective devides 1ib2is@d on a desired

use of SLM 100. [0032] .FI G .Shows _.a_ portion.Q n Sk .according to
embod ment s e o silicem, sl Ree "hed, Pt s B, P Sy U1 o)
el enent s 108negntddaviecuity astyatorgedadipghtichsi andtor dezest eanf be mailaredoscer al | cur ved,
, convex, spherical, . aspherical, etc. shaped M90Q..It is.to be
appr eci at ed FFH4ee glecgﬁgﬁ‘géesg?ﬁﬁeﬂ “Eeaﬁmﬁ rs?}j%b‘éa“fséer H%ed.g“%gs%,hl%’ct uat ors
el enents 108rdgachch@parbida@.gi, 30160 kBL)S

[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 énd/or sizes of structures 202 and 204 can
vary based on implementation specific design requirements.

[0035] In other embodiments (not shown), the bottom electrodé 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,




| ocations on substrate 102. Varying one or both of height and/or position
of -8- the array of actuator elenents 108 can allow for various diffraction
patterns to be formed by reflective devices 112. [00331 Wth reference
again to FIG 1, and continuing reference to FIG 9, reflective devices
112 can be configured to formvarious shapes, e.g. rectangular, circular,
quasar shaped, aspheric, etc. Reflective devices 112 can be nade from
silicon, galliumarsinide, galliumnitride, glass, or the like. Integrated
circuit actuator configurations and/-8+ sizes can be tailored to provide
the desired response at the mrror and can be use during a high frequency
operation (e.g., 50-100 kHz). [00341 FIG 2 shows a portion of an SLM 200
according to enbodi nents of the present invention. SLM 200 is simlar in
oper at i on arRpurBisctipgat Mowment Agpatolsycept that it includes a piezoel ectric
structure 202 between actuator elements 108 and el ectrodes 106 and a
conductive structure 204 between actuator elenments 108 and el ectrodes 110.
These s003@t ur es FXG23 abaivsxOppriemef an $1gv) 308) aaewding scembadinenss efrent s 108 to
be coupl ed ( | | thes ] I group of
reflective etﬁee e?ﬁng gt%?v{?ér;gg‘ afrsfo ?%k%goag%%?&ieg%egg{hﬁﬁat specific
shapes and/ csaclsicleegodd 196 r mclndesetv Gectimel OA aud 106Bs whikks @t on _

i mpl ement ati.on speci.fic | 0 ' ) | n..at enbodi nment s
(not shown) ,mﬁ?s&%ﬁh{% ﬁ%dét'?%tﬁaag&ltgé%/ngérﬁsgfaoﬁ cbaég%égéelﬂﬁ%fvg e iré’?:s[ rode across
t he bottom drn2iofesr ditectibeo(tzodgsownailhef, tilheght) rdedanchsalg thetwect r odes 106.

This can be uysed.to mnim.ze t er of el.ectrical onnecti ons.
| nsul at or | ﬁ-ocieoae,cg‘gz?s % ?Wﬂgoﬁgbgb? ?“eﬁ%ﬂn%é’n%ﬁfeftf‘)é%.seﬁmﬁ ngle control
line woul d bi@saautiDeB af Htigk acbinplishesithisayFot tRaniile] en@fizingelesirodd e

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 conirol 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 fo form
integrated circuits that are now know or developed in the future are also

contemplated within the scope of the present invention.




el ectrode. -9- Four-Directional Mvenent Actuators [00361 FIG 3 shows a
portion of an SI M 300 according to enbodi ments of the present invention.
SLM 300 is simlar to SLMs 100 and 200, except that each el ectrode 106

i ncludes two sections 106A and 106B, which are independently controlled.
Actuator elenents 108 can nove reflective devices 112 in four directions
(e.g., up, down, tilt left, tilt right) based on using the two el ectrode
sections 106A and 106B. Only energi zing one el ectrode section 106A or 106B
at a time acconplishes this. For exarple, 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 nove in
the sane direction. The opposite is true when energi zing el ectrode 106B.

[0037] 10040]s to EEGapshews atflaychirhdepicinged methnd H9sscergmectdony ol can be
used to CO%{b%m&%fﬁngres%ﬁ%veﬂﬁoﬁaoﬂ stesafab 3 6dndatie ﬁlel%aﬁ{et-,t 108 can be

used to neasure capacitance, since each PZT I's basically an Insul ator.
Measuri ng t Ipetterodp doimednanea (Shbﬁtlg@ chinstep éﬂ%cﬂt ph@lwtmf:hlea@ﬂf@mcor el ement

108, and '”etléﬂ{eﬂts &gff{) 'éﬁeth‘él gﬁ&hﬁ’%é@ﬁﬁc 5| nce ngrq%g be used to

confirm the novenent |ng pl ace evi ces have
hyst eresi s. redfpe@ivivl el@GpdRCe fmme&(bﬁ anf enid| afitbe glupthadef pieposheethical gorit hm and

opeats 1t RRRASRTH B 265 SRUE Me AR okl BRGIFHeCt | ve devi ce

112, can ha\Fe repeatant e pos roper a m can reset the
PZT mat eri alpiexeeleqtrit elements. i S rmved so that positions can repeat quite

acour al gy, Met oty 91y MBki. g, 808 Motild @l BF SRS S Sidicly ¢ Act uator
method 400 according to an embodiment 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 pattem

using a suitable conductor (e.g., nickel, etfc.) 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.

[0645] 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 wili

form mirror/actuator arrays, while substantially reducing actuator




[0039] The followi ng is one exanple process 400 that can be used to form
SIM 100 or 900. It is to be appreciated nmany ot her processes used to form
integrated circuits that are now know or developed in the future are al so
contenplated within the scope of the present invention. -10- [0040] FIG 4
shows a flowchart depicting a nethod 400 according to an enbodi nents of the
present invention. In step 402, a conductive interconnect patternis
formed on a substrate. In step 404, a plurality of piezoelectric elenents
are formed on the conductive intercoeflnect pattern. In step 406, respective
el ectrodes are forned on an end of the plurality of piezoelectric

el ements. In step 408, mrrors are forned on the el ectrodes on the ends of
the piezoelectric elenents. ;0041] FIG 5 shows a flowhart show ng '
detai | s of <Swdgeichings Fxawples of syehttpdniqrevcadaduds dhymicallymsssigsbdi nent of the

present i nveh@nidhsd 5 1Rl i 2, ' is related to
step 402, sﬁ%lstr_ate %%E?ga%ségﬁ%ﬁt(%n s’fz;lp))ﬁ]pﬁre,g’ g‘gd IIsli ib%(g)rn on sapphire,
etc.) is pl zmbgdigenty lager jahlatiorc oam be tusphita esparateuifiagfive davice#Te conduct or

(e.g., nickelemefisC-) to provide electrodes 106 (e.g., individual ohmc
connections to the PZT layer 108 to be forned later). [0043] In step 504,
whi ch | 0048 at edIn steps§ k8pthé Getpaining idsist e bPEMmaved.eri al 108 can be forned

L W
dependi |95 pon als ptep i520,ca Epping wptiation cdn & priddiied fOPrbdidelnflat ep 506, which
5o e B Aol PResegL o | 25, 110 can e formed o provide
[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). It is 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.




[ 0045] Steps 508 to 518 are related to step 408. [0046] In step 508,
materials used to formreflective devices 112 can be applied. In step 510,
the material for the reflective devices 112 can be coated, for exanple,
wWith resist that is subsequently exposed in step 512 with a reflector
pattern. In step 514, the resist can be developed. In step 516, the mrror
| ayer 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 enbodi nent,
an ani sotropic etching techni que canmide used to etch through unmasked
areas of the reflective device/ PZT layer. This will formmrror/actuator
arrays, while substantially reducing actuator underetching. Exanpl es of
such techniﬁ%es can include chemcally assisted plasma etching techniques,
sputter techiedigdePattesns i | |ing, etc. In another enbodiment, |aser

abl ati on can be used to separate reflective device/ PZT el ement s. [0048] In
step 518, the renmaining resist can be renoved. [0049] Steps 520-522 are
opti ona[00§4]eps n(HGSpéfﬁ fsheval Yayiowh sleatrode Pat@ms4 accofdiig509 vamiost ep 520, a

| appi ng opery f | with an

act uat or pat er n er Bon Brﬁ%%gﬁ'?%n P%B&‘gﬂ% “Zaﬁ\ﬁp%‘ﬁ?ﬁ%‘gn gﬁpackaged

and/ or bondel®0 an6ob2]cobtdiniate systeinensad)m egitrat BEM hH), varddusadeetrodd enent s 108
can be forned, usin ot h rocess.ste nd/ or, orders of
process st ef@tegEc %B ﬁbeﬁ%ﬁk\ﬁﬁ ‘f agﬁ‘él %Fémfiﬁgﬂ%?%ﬂ"mbe’i ?fht he rel evant
arts. [00531degneesnaEﬁeeﬁbﬁdfomnM 160Ct Ttals ﬁfbeh@iﬁii‘dtéd thadthe Rbecsdeoci at ed

reflective d VIC can have.di arrete r dths of as smal |l as about 1
m cron, vvhlcfﬁ {]}‘ Sfigurss| and sﬂ’ﬁfﬁd%e Y SRt yat or s t hat

can typical lad @lﬂﬂ Iyleebﬁto 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. Patiern 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.




as small as about 16 microns. This is acconplished through using the -
integrated circuit manufacturing techniques (e.g., photolithographic

t echni ques) described above. It is to be appreciated that even small er

di aneters or widths are possible for the actuator elenments and/or mrrors
as integrated circuit technol ogy advances. Thus, a very high resolution
SLM can be manufactured that is able to be used in very small wavel ength
environnments (e.g., EUV). It is to be appreciated that the ranges for
mrror size and density may change-i3a the future as technol ogy advances,
and are not neant to be |imting, only exenplary. -12- Electrode Patterns
[ 0054] FIGS. 6-8 show various el ectrode patterns according to various
enbodi ments of the present invention. Depending on an application of SLM
100 and/ or &@elysighnate systemused to control SLM 100, various el ectrode
patterns can be used. The el ectrode pattern used will dictate the nunber of

degrees of freedgmfor SLM 100. It is_to be appreciated that the el ectrode
pat t er nl03own i Vhilge ¥ariqus gembadimgnts 8?5@%%@%‘?’2%\9@% NPy exenpl ary,

and not neanfesdiBedfho 104D hIdbe underdieid thit Al hadkeheea hieSdnid HyawayPe used, and
are contenplated within the scope of the present 1nvention, For exanple,

an nunber shgxaile prlycenent ligntaone cit Pl be apperenp o REEWES il Byi de any
desired | o0Ggd feftiVaf arfhatdriou Ehahfdsah ok Sdd @é&ﬁﬁ%a%‘;bgﬁﬁicﬁtﬂa&@in This is all a

result of using integrated circurt actuators. | ] FIG 6 is a top view
of a patt er nvithoot dsparting frem the spirit and ecope ofthe tvendipn Blus, Be bsegdbnd el ectr ode

array 110 0'?mggr%ogvgtra?%;%&Qﬁ%&n&&ﬁshoﬁﬁ%@ﬁ@ﬁéﬁ&i@5’ &rVSF thedpll 00 -to-rotate

or pivot abou
described exemplary embodiments, but should be defined only in accordance

with the following claims and their equivalents.




[0056] FIG 7 is a top view of a pattern 700 of either first el ectrode
array 106 or second electrode array 110 on actuator elenents 108. Pattern
700 -allows . SLM 100 to rotate or pivot about one axis. [0057] FIG 8 is a

' si.de-view of a section of SLM 100 according to enbodinents of the present
invention. In this configuration, in addition to first and second

el ectrode arrays 106 and 110, a third electrode array 800 and a fourth

el ectrode array 802 are coupl ed/ depod$#ted to actuator elenents 108. This -
can allow for X, Y, and Z notion-for the actuator elenments 108 and
respective reflective devices 112. Therefore, mrrors 112 can "shift" or be
di spl ace@LaiMe to side (in the perspective of the figure) when el ectrodes
800/ 802 are energized. It is to be appreciated that only one pair of

el ectrodes, 106/110 or 800/802, can be coupled to opposite walls of the
actuatorlelengn@sudlgﬁtHmaﬁhnﬁnﬁﬁ%ﬁﬁ ingn [0058] Wil e various enbodi ments of
the present invention have been scri bed above, it should be understood

t hat they haW@ﬂB@@W<bWB@énted by way of exanple only, and not limtation.
It will be ap [€ [.S Ll the relevant art that various
changes in fo%)%? dcfg‘Pég'l" erg&(isurpﬁ tzﬂlgr ein w thout departing fromthe
spirit and SCﬁp&cﬁfatdrheomﬁﬁﬁﬁ%l:Qﬂﬂ;at&fhuliemehi%eazbi dast And agdost ape of the
present invention should not be limted by any of the above- described
exenplar@e@ﬁﬁ@ﬁlnents but shoul d be defined only in accordance mnth t he

followng cl a&ﬂ&eﬁﬂ@sﬁe@ﬁ% 1BV R LS e TFirst siflor bR are coupled to a first

portion of respective ones of the actuator elements and are coupled to respective ones
of the reflective devices, and |

wherein respective electrodes in the second set of electrodes are coupled to a
second portion of respective ones of the actuator elements and are coupled to the solid

and substantially rigid substrate,

2. The spatial light modulator of claim 1, wherein the actuator elements and

electrodes are configured to move the reflective devices in two directions.

3. The spatial light modulator of claim 1, wherein the actuator elements and

electrodes are configured to move the refiective devices in four directions.

T
! 2

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

set 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 set 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 actnator elements and electrodes in the
- second set of electrodes; and

-a second coupling device between electrodes in the first set of electrodes.




1. A spatial light nodul ator, conprising: reflective devices; a solid and
substantially rigid substrate; and an actuator conprising actuator elenents
and first and second sets of electrodes, wherein respective electrodes in
the first set of.electrodes are coupled to a first portion of respective
ones of the actuator elenents and arel5coupled to respective ones of the
refl ective devices, and wherein respective electrodes in the second set of
el ectrodes are coupled to a second portion of respective ones of the
actuator elenents and are coupled to the solid and substantially rigid
substrate. 2. The spatial |ight nodulator of claim1l, wherein the actuator
el enment s 7and Tékepatrabtight nzadslatos of ¢l Bavhereimadjacentvmes of theattiater devi ces in
two directions., 3. .Fhe i.al |ight nmodul ator of claiml, wherein the
actuator%E e%%HFgegﬁgmniﬁggyﬁodes are configured to nove the reflective
devices in four directions. 4. The spatial |ight nodulator of claim1,
wherein each el ectrode in the second _set of electrodes conpyises first and
second elBect r J#€ Sgaé@ﬁl%kﬁg?"d\“al.at%ﬁgd?ﬁh%f erq @ﬁ@cmb‘%{%@}t lw{ae‘ie i 4,

wher ei n theefihd Rbledie &e&saqisﬁhwéo&@%ndﬁg@d aRNBoROGhahtBfaiabieagh Of

el ectrodes are configured to allow the actuator elements to tilt the

refl ect i wéingingiogdightovhentibe epeitoded arg prprgisadodul at or of claim 1, further
conprising: a first coupling device between the actuator el enments and

el ectrodes in the second set of electrodes; and a second coupling device
bet ween @l ect Thdesatiahlight encilulatk oBdainn], wessir the detvatod ements are

configured such that the reflective devices form an overall curved shape.

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

11.  The spatial light modulator of claim 3, wherein the actuator elements are adapted
to move the reflecting device a distance corresponding to about one-quarter of a

wavelength of impinging light when the electrodes are energised.




7. The spatial |ight nodul ator of claim1, wherein adjacent ones of the
actuator elenents have different heights. 8. The spatial |ight nodul at or
of claim2, wherein the actuator elenent is adapted to nove the reflecting
devi ce a di stance corresponding to about one-quarter of a wavel ength of

i mpi nging |ight when the el ectrodes are energised. 9. The spatial |ight
nodul at or of claim 1, wherein the actuator elenents are configured such
that the reflective devices forman overall curved shape. 10. The spati al

- light nmodul ator of claim1, wherein.gifhe actuator elenments are formed in
varyi ng heights and positions on the solid and substantially rigid
substrate, such that varying wavefront patterns are generated by |ight
reflecting therefrom 11. The spatial |ight nodulator of claim3, wherein
the actuator elenents are adapted to nove the reflecting device a distance
cor r espondi Ngsp QTR NGEANAIOINATAEOR OSING ARMETEGRATEDICIRCPITYI ng | i ght when

the el ectrodes ArquRNTHANDIMETHOD OFMARING AR USBRUSATER USI NG AN
| NTEGRATED Cl RCUI T - ACTUATOR AND METHOD OF MAKI NG AND USI NG SAME ABSTRACT

OF THE DI SCLOSURE A spatial |ight nodulator (SLM includes an integrated
circuit actuator that can be fabricated using photolithography or other

siml ar techniques. The AT ;r%lmgjlg 1'{)3@ or elenents, which can be
naterﬁgggF n-e g%?%% e

made from pi ezoel ectric array is coupled to
opposite walls of each of the actuator elenents is an el ectrode array.

Each array of el aclh@d%ghiGASHUMMISONSG incRided' R BiteptabedidiosiCachftdri ons. The
array of reflective devices fornms the SLM Fiqure | |

that can be fabricated using photolithography or other similar techniques. The

actuator includes actuator elements, which can be made from piezoelectric

materials. An electrode array is coupled to opposite walls of each of the

actuator elements is an electrode array. Each array of electrodes can have one

or more electrode sections. The array of reflective devices forms the SLM.

Figure 1




