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-1 USING TI ME ANDY OR PONER MODULATI ON TO ACHI EVE DOSE GRAY- SCALI NG I N
OPTI CAL MASKLESS LI THOGRAPHY BACKGROUND OF THE | NVENTION Field of the

| nvention [0001] The present invention is directed generally to

| i thography. More particularly, the present invention relates to maskless
lithography. Related Art [0002] 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

di splays), circuit boards, various integrated circuits, and the |like. A

frequently usedqssINGStIvE ANDOR BOWERAIODUIATIONTO ACHIEVVEDOSENdUCt Or  waf er

or glass substrat GRAWMBCALING BN 0PFITADMASRIESS MTHOGRAPAY ternms of a
sem conductor wafer for illustrative purposes, one skilled in the art

woul d recogni ze that this description also applies to other types of
substrates known to those skilled in the art. [0003] During |ithography, a

waf er, which is dispos oyl xposed to an inage
projected onto the sur%%@ﬁﬁ@%f@%@%ﬁure optics located within
a lithography apparatus. Wil e exposure optics are used in the case of
phot ol i t hogr aphy,, | fferent type of exposure apparatus can be used
dependi ng ona?lﬁ%ioﬁa’re eption application. For exanple, x-ray, ion,

el ectron, or photon |ithography each can require a different exposure
apparatu s is kpown to those ski|led in the ar The particul ar exanple
of phot i?q ogr aptly PrEsep; LyEion4s ﬂ&@ﬁyu@t\&@? ypuM%%es only.

[ 00041 The pr pirealel, thepRsenPin0itior AR angasldsilithbgaghpar act eri stics of a

| ayer, for exanple photoresist, deposited on the surface of the wafer.
These changes -2 correspond to the features projected onto the wafer during

exposure. Related Art

[0002] 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
semiconductor wafer or glass substrate. While this description is written in
terms of a semiconductor wafer for illustrative purposes, one skilled in the art
would recognize that this description also applies to other types of substrates
known to those skilled in the art.

{0003) During lithography, a wafer, which is disposed on a wafer stage, is
exposed to an image projected onto the surface of the wafer by exposure
optics located within a lithography apparatus. While exposure optics are used
in the case of photolithography, a different type of exposure apparatus can be
used depending on the particular application. For example, x-ray, ion,
electron, or photon lithography each can require a different exposure
apparatus, as is known to those skilled in fhe art. The particular example of
photolithography is discussed here for illustrative purposes only.

[0004] The projected image produces changes in the characteristics of a layer,
for example photoresist, deposited on the surface of the wafer. These changes -




Subsequent to exposure, the |layer can be etched to produce a patterned

| ayer. The pattern corresponds to those features projected onto the wafer
during exposure. This patterned |layer is then used to renove or further
process exposed portions of underlying structural |ayers within the wafer,
such as conductive, sem conductive, or insulative |layers. This process is
then repeated, together wth other steps, until the desired features have
been formed on the surface, or in various |layers, of the wafer. [0005]

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 tine, 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 across the field during the scan. The wafer
stage nust t tresgradatsy thehdestusess pyojested ppwtd thet welen durieg dexpsguosures to al | ow

il £ 1€ COPT Sihaluch okl e AL B LS SHARSELHANEE ilE, vl et

surf ace. I St manner, PO eE “onto the waf er
s maxim zed The) pBin &xmpnnﬂs dmeﬂiosé tfdahmgr;&pjacted smtmmaﬁancﬂurmg hods form

| rages on a seni conduct or wg(igr tﬁ sxstemrg%gl cal has a |ithographic
chanber that PPl s IRRpterned. laypr is the bied ta ° PhAFePPEFhs t he process
of inmage for naiposed podtibnk of m&aﬂyﬁmdmeﬁm lagefsemthﬂhﬁe esaffbwch @an be desi gned

to have different as mxtures and of v uum dependi.ng on the
hovereeath of e Berasatels, SATpRlREs dnb. | IS Pk B re t he

chamber. A be&p&a&fd,ioggb&m&otlwms;ssdmfﬁlﬂmdaﬂrealfdawa&snﬁwmnmwe (l'ocat ed
outside the s séle hrou han §F59%ctﬁ1 é}ftem an image outline on the
reticle, and 213 8}3)’(“1 pusday H¥¥8r e interacting with a

sem condysgosy waf atep-;{naaea}.lteehﬁdldgyamﬂky @fcohﬁhetfdne&mrae pfditibd ed to
fabricate a deV.I ce on &""t substrate. h\Pse |cI es are becom ng

i ncreasi ngly W hag@ naggy JEAsing sieh desqEe t he feature
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a reticle can C%Q {s%cctt))?np'lllgheg b;%rovx%g(t:h%r\ntr erand 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 re'ticle pattern to be exposed over the wafer surface. In
this manner, the quality of the image projected onto the wafer is maximized.

[0006] Conventional lithographic systems and methods form images on a
semiconductor wafer. The system typically has a lithographic chamber that is
designed to contain an apparatus that performs the process of image formation
on the semiconductor wafer. The chamber can be designed to have different
gas mixtures and grades of vacuum depending on the wavelength of light
being used. A reticle is positioned inside the chamber. A beam of light is
passed from an illumination source (located outside the system) through an
optical system, an image outline on the reticle, and a second optical system
before interacting with a semiconductor wafer.

[0007] A plurality of reticles are required to fabricate a device on the
substrate.  These reticles are becoming increasingly costly and time
consuming to manufacture due to the feature sizes and the exacting tolerances
required for smalil 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,



period of tinme before being worn out. Further costs are routinely incurred
iIf a reticle is not wthin a certain tolerance or when the reticle is
damaged. Thus, 3 the nmanufacture of wafers using reticles is becon ng

i ncreasingly, and possibly prohibitively expensive. [0008] In order to
overcone these drawbacks, maskless (e.g., direct wite, digital, etc.)

| it hography systens have been devel oped. The naskl ess system replaces a
reticle with a spatial light nodulator (SLM (e.g., a digital mcromrror
device (DVD), a liquid crystal display (LCD), or the like). The SLM

I ncludes an array of active areas (e.?., mrrors or transm ssive areas)
that are individually controlled to-forma desired pattern. These active
areas are also known in the art as "pixels." A predeterm ned and
previously stored algorithm based on a desired exposure pattern is used to
control the pthgapapufaciose tof pivalens ysingareticlenic dacopting inaressioglyi ead properti es
(e.g., amplit " 1\ ft.ance) in a controll able nanner so as to
provi de a Var#%ﬁ?l@%@@l%&%@%s elivered to the wafer surface. 100091 In a
typi cal ¢¥968Hi nmentln oxder o piveredme theseadwwharks; nyasklessafelgi, dixeetdwriteunber  of

di screte statgs.€ . | I, N se gray-
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the pixel semplaceg ;moetidleiwtitht @ sphtial digho snodelatar (SLM) hieg., s4 aigitalay be

referred to . thg Ik or. t.he F..st at her st at of the pixel
correspond t?}%{cﬁoe p‘.d%&“@%'%% d?ﬁy@ dé%’tlﬁyt@fmﬁ’ltm °n®‘§ia %rtain
fraction of tSisMiinvinddemt artay@lfibctive arehde. ge xpinas betrasmisivé e that t o be abl e

to control the printed patter .., 8. positi or wwdth of a printed
line), it is aa%%%%vﬂyt%nﬁ?ibe@*aﬁf’%w%@% Thesp goiearens am, 0 Pl e,
However, the akonbrwnah the ast s dpixels@veal predatdrmined ané phayiouslpGteraki ng t he
nunber of disgrete pixel states . is |limted due at least.the follow ng
reasons. 1001 nkmbgﬁ ) aoﬁes'éﬁi ﬁWB‘F@ﬁ 15))'13?{%@ 8 e'gﬁng ed for every

| aser pul se Each pixel in an SLM can vary its optical properties (e.g., amplitude/phase

transmittance) in a controllable manner so as to provide a variation of a dose
delivered to the wafer surface.

[0009) In a typical embodiment, each pixel can assume any of a limited
number of discrete states, each corresponding to a certain level of dose gray-
scaling. One of the many states that the pixel can assume corresponds to the
pixel sending no light to the exposure area. This state may be referred to as
the dark state or the OFF state. Other states of the pixel correspond to the
pixel being modulated so that it sends a certain fraction of the incident light to
the exposure area. In order to be able to control the printed pattern {(e.g., a
position or width of a printed line), it is desirable to have as many grayscale
levels as possible. However, the number of grayscale levels achievable by
increasing the number of discrete pixel states is limited due to at least the
following reasons.

[0010] A pattern on an SLM typically has to be updated for every laser pulse
if the wafer scan is continuous with exposures occurring during the short laser
pulses. If exposures are performed with a continuous light source, but the
wafer is either at rest during the exposure or the smearing of the exposure is
compensated, the pattern has to be updated at least very frequently. As a
result, a high data transfer rate to the SLM has to be maintained. This data
transfer rate increases proportionally to the logarithm of the number of
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i f the wafer scan is continuous wth exposures occurring during the short

| aser pulses. If exposures are performed with a continuous |ight source,
but the wafer is either at rest during the exposure or the snmearing of the
exposure is conpensated, the pattern has to be updated at |east very
frequently. As a result, a high data transfer rate to the SLM has to be
mai ntai ned. This data transfer rate increases proportionally to the

| ogarithm of the nunmber of -4 discrete states, and the |imtation on the
maxi mum possi bl e data transfer rate results in a limtation on the nunber
of pixel states and nunmber of grayscale |levels. [00111 Also, having a

| ar ger nunber of pixel states nakes bdth the design of an SIMand the
control over the states nore difficult. [0012] Therefore, what is needed is
a maskl ess |ithography systemand nethod that would allow achieving a

| ar ger number diggretg F&S%@&f] dhe lipidatien opjtheryparimpm possihie daja transfanastber of
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activated provides additional grayscale |evels.

BRIEF SUMMARY OF THE INVENTION

[0013] The present invention is directed to producing a large number of
grayscale levels in an illumination system without increasing the number of
discrete pixel states in that system. This development provides precision
control over features printed by the system, such as the position or the width
of a line.

[0014] In one embodiment, the present invention provides a method of
grayscaling in an illumination system including a laser, wherein changing the
time duration of the laser pulse provides additional grayscale levels.

[0015] In another embodiment, the present invention provides a method of
grayscaling in an illumination system including a spatial light modulator
(SLM), wherein altering the time during which a pixel of the SLM is activated
provides additional grayscale levels.

[0016] In yet another embodiment, the present invention provides a method of
grayscaling in an illumination system, wherein variation of the power of an
exposure beam provides additional grayscale levels.

[0017) In yet further embodiments of the present invention, various

combinations of laser pulse duration, pixel activation timing, and laser power

are employed.




o

[0016] In yet another enbodi ment, the present invention provides a nethod
of grayscaling in an illum nation system wherein variation of the power
of an exposure beam provi des additional grayscale levels. [0017] In yet
further enbodi ments of the present invention, various conbinations of

| aser pul se duration, pixel activation timng, and | aser power are

enpl oyed. 5 [0018] Further enbodi nents, features, and advantages of the
present invention, as well as the structure and operation of the various
enbodi ments of the present invention, are described in detail below wth
reference to the acconpanying draw ngs. BRI EF DESCRI PTI ON OF THE FI GURES
[ 00191 The acconpanyi ng drawi ngs, whicth 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

i nventi of0™Al to FuRAE| smBodiments feafures, cand gdyapiageseof | henpresant to nake and
use the i nvengQiion, a9 ks fhk GruchurS BRWSerdtdPeHil ASRols dBOGiHRRRYE SYSt em havi ng
reflective SLMs, according to enbodinents of the present 1nvention. 10021]
FIG 2 shows the presrtcgventipn, rase) dasshibedsipsdasal helow rvith referencedaithe  SLMVS,
according to g@ﬂﬁh the present invention. [00221 FIG 3 shows an
SLM accordi n% to agﬁggﬁﬁgﬁbnt of the present invention. [0023] FIG 4
shows nore details of the SLMin FIG 3. [0024] FIG 5 shows an assenbly
accordi ng to enbodi nent BRIEFDESCRIPEONOF THEFKURRS [ 0025] FIG 6 is a
flowchart representing a first enbodi nrent of the nethod of grayscaling,
wherein changing the tinme duration of the | aser pul se provides additional

grayscal @o®vel s, Theemoniparyirgalriwingspwhiske ate incosperatédderein 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.

[0020] FIG. 1 shows a maskless lithography system having reflective SLMs,
according to embodiments of the present invention.

[0021] FIG. 2 shows a maskless lithography system having transmission
SLMs, according to embodiments of the present invention.

[0022] FIG. 3 shows an SLM, according to an embodiment of the present
invention.

[0023) FIG. 4 shows more details of the SLM in FIG. 3.

[0024] FIG. 5 shows an assembly according to embodiments of the present
invention.

[0025] FIG. 6 is a flowchart representing a first embodiment of the method of

grayscaling, wherein changing the time duration of the laser pulse provides
additional grayscale levels, according to the present invention.

[0026] FIG. 7 is a flowchart representing a second embodiment of the method
of grayscaling, wherein changing the time duration of a discrete state of a
pixel provides additional grayscale levels, according to the present invention.

{0027} FIG. 8 is a flowchart representing a third embodiment of the method
of grayscaling, wherein changing the power of a laser pulse provides
additional grayscale levels, according to the present invention.

[0028] FIG. 9 is a flowchart representing a fourth embodiment of the method
of grayscaling, wherein changing the power of individual beams from an




[0026] FIG 7 is a flowhart representing a second enbodi nent of the nethod
of grayscaling, wherein changing the tinme duration of a discrete state of a
pi xel provides additional grayscale |evels, according to the present

i nvention. 100271 FIG 8 is a flowhart representing a third enbodi nent of
the nethod of grayscaling, wherein changing the power of a |aser pulse
provi des additional grayscale |evels, according to the present invention.
[00281 FIG 9 is a flowhart representing a fourth enbodi nent of the nethod
of grayscaling, wherein changing the power of individual beans froman 6

I 1l um nation source provides additiongl grayscal e |l evels, according to the
present invention. [0029] FIG 10 is"a timng diagram show ng an exanpl e of
changing the time duration of a discrete state of a pixel to provide

addi tional grayscale levels. [003Q] FIG 11 is a bl ock diagram
representing SHBINaHeRH GPWE Proyidey pdfiiens] grryscalst levals, 12pgordinggthe Fl G 12 is a
bl ock di agr amyeeRiigealbi.Ng an exanpl e systemin which the present

i nvention may be used. [0032] The present invention will be described with

ref er encd0028] t he HE&ebhipariiming digeramisheiéing Thexagplpafichanginathe @ne an el enent

first appear Sgj-s: ' b . 1 \ Gk (S) i n the
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di scussed, it Pﬁippﬂid be understood that this is done for illustrative
per

pur poses only? son skilled in the pertinent art will recogni ze that

ot her col@Bgur at i dHE. dhis a blockadiggrarn mepzesentinglpe cxuaaple wystenoint widelpar t i ng f rom
the spirit an@e?ﬁ%ﬁin@énﬁ%?ﬁmgﬂ%ﬁs%sm invention. It will be apparent to a
nt I nén i

person skille e per art

[0032] The present invention will be described with reference to the
accompanying drawings. The drawing in which an element first appears is
typically indicated by the leftmost digit(s) in the corresponding reference

number.
DETAILED DESCRIPTION OF THE INVENTION
Overview

[0033] While specific cohﬁgurations 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.

[0034] Embodiments of the present invention provide a method for
grayscaling in an illumination system, for example in a maskless lithography
machine. The system and method can be used to increase control over features
printed on a substrate, such as position or width of a line, while maintaining
the number of discrete pixel states.

Maskless Lithography Systems
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that this invention can also be enployed in a variety of other
applications. [0034] Enbodi nents of the present invention provide a nethod
for grayscaling in an illumnation system for exanple in a naskl ess

|'i thography nmachine. The system and nethod can be used to increase control
over features printed on a substrate, such as position or width of a line,
whil e maintaining the nunber of discrete pixel states. Maskl ess

Li t hography Systens -7 [0035] FIG 1 shows a maskl ess |ithography system
100 according to an enbodi ment of the present invention. System 100
includes an illumnation source 102 that transmts light to a reflective
spatial |ight nodulator (SLM 104 (e?g., a digital mcromrror device
(DVD), a reflective liquid crystal display (LCD), or the like) via a beam
splitter 106 and SLM optics 108. SLM 104 is used to pattern the fight in
place of a reticle in traditional |ithography systens. Patterned |ight

reflecte m SL 04 | rﬁm%t], ' . d projection
optics 1%632};(1 Wr :\ﬁt'ltée)é %hﬁ:wgﬁaso ] e%‘glll Fgfgﬁeng%%h%ﬁdrn%pg) %g

sem conduct orempediment of iepresent ipvention. e Sysiem 404 lingludggasreilludhimagibmy, or t he

i ke). [0036] [ RendR"EE &t | ) | | can be
housed wi t hi nSOhlltcrI]E%R%ztit I on {sgolf%ﬁ:g’ fgeﬁlte&gvtse skédaﬁﬁm(%dﬁﬁﬁogg%@?evant art. It
is al so to bel0afs.et idigitald midromingt Mevips (1OMD),08 refledtiver bjuid teiystal opt i cs 110

onto desi red bl P nikhbus Qs Bt RS SUMCRELRR, Shaf’ 107, 1 O
rel evant art.1Q4098% tb pattdra rerlight incplaeivd diretiviet i, traditivhad dittmgepby  bot h of
cont ol 1 er o 1734a5q Ppdfed Apht Mol i S0 1 S UEbRS ol BREF, 0P
adj ust i || umi splittérok{6sand rprejectiof opticesHE and writed bacin dbjeotnl £/&tgna 100 or to
e o ol s Bk b RP S il S o o0/
the like).
[0036] It is to be appreciated that illumination optics can be housed within
illumination source 102, as is known in the relevant art. It is also to be
appreciated that SLM optics 108 and projection optics 110 can include any
combination of optical elements required to direct light onto desired areas of
SLM 104 and/or object 112, as is known in the relevant art.
[0037)] In altermative embodiments, either one or both of illumination source
102 and SLM 104 can be coupled to or have integral controllers 114 and 116,
respectively. Controller 114 can be used to adjust illumination source 102
based on feedback from system 100 or to perform calibration. Controller 116
can also be used for adjustment and/or calibration. Alternatively, controller
116 can be used for switching pixels 302 on SLM 104 between their discrete
states (e.g., between one of their graytone states and the completely dark, or
OFF state) (see FIG. 3). This can generate a pattern used to expose object
112. Controller 116 can either have integral storage or be coupled to a storage
element (not shown) with predetermined information and/or algorithms used
to generate the pattemn or patterns.
[0038] FIG. 2 shows a maskless lithography system 200 according to a further
embodiment of the present invention. System 200 includes an illumination
source 202 that transmits light through a SLM 204 (e.g., a transmissive LCD,
or the like) to pattern the light. The patterned light is transmitted through
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116 can be used for switching pixels 302 on SLM 104 between their discrete
states (e.g., between one of their graytone states and the conpletely dark,
or OFF state) (see FIG 3). This can generate a pattern used to expose
object 112. Controller 116 can either have integral storage or be coupl ed
to a storage elenent (not shown) with predeterm ned information and/or
algorithns used to generate the pattern or patterns. [0038] FIG 2 shows a
maskl ess |ithography system 200 according to a further enbodinment of the
present invention. System 200 includes an illum nation source 202 that
transmts light through a SLM 204 (e.g., a transm ssive LCD, or the like)
to pattern the light. The patterned FPght is transmtted through 8
projection optics 210 to wite the pattern on a surface of an object 212.
In this enbodinent, SLM 204 is a transm ssive SLM such as a liquid
crystal displ asPJ%ﬂQﬁOH“ﬁ%?MOtRémwshwqﬂamwsaﬁwfa%pmﬁéﬂl%nbt@s bot h of

i |'lum nation aawmﬁ%‘.maah&h%&ﬂ&h&%@ﬁ% %Fglhﬁ #] gral wth

controllers 214 and 216 respectively. Contr 16 can perform
simlar functPohelikes “?}Gﬁtt?Werelﬂlemﬂ%wd?@mflmmobém@pdand as known

1 the art 1 SOBOBORXATHE Coodhib MR il Mg 85koll S Bl VSt 100

or 200 are manufactu croni c stem; n and
Fraunhof er | respectivele anntl’Qiqu%GiH sanéritiﬁS;ﬂstMmfsuﬂ@rrmmuon.{ @940] Merely

for conveni enﬁﬁ“ﬁéf‘?ﬁgﬁfﬁgw cl_l bﬁ%d&doaﬁll&{?&x? weisag_pm 100 bel ow. However,

all conce scussed al'so” app 0 system 200, as would be
known t o [¢838kone HamplsdSLs ﬂ:htacané:lee»sahm &Jﬂlersofs&temsw(horrmgurents or

apparent to onahitgQl BNk Ofe Shia wB! 57 Shecsh 84 aBBPs” [ om tho
spirit and scb\p@mffm%umwmmhmf@tummy [ 0041] FI G 3 shows details of
an activ @bF2 30%&% ?HVL&]" éiuenc:?r E@:’lvfi be z%r ea 30(206 ncl udes an n
X marra$0 P plxels g represen’te ye‘ SIS
below. However, all concepts discussed below can also apply to system 200,
as would be known to someone skilled in the relevant arts. Other
arrangements or integration of the components and controllers of FIGS. 1 and
2 will become apparent to one of ordinary skill in the art without departing
from the spirit and scope of the present invention.
[0041] .  FIG. 3 shows details of an active area 300 of SLM 104, for example.
Active area 300 includes an n x m array of pixels 302 (represented by ellipsis
in the figure). Pixels 302 can be mirrors on a DMD or locations on a LCD. By
adjusting the physical characteristics of pixels 302, they can be seen as being
in one of their states. Digital or analog input signals based on a desired pattern
are used to switch states of the various pixels 302. In some embodiments, an
actual pattern being written to object 112 can be detected and a determination
can be made whether the pattern is outside an acceptable tolerance. If so,
controller 116 can be used to generate analog or digital control signals in real
time to fine-tune (e.g., calibrate, adjust, etc.) the pattern being generated by
SLM 104.
[0042] FIG. 4 shows further details of SLM 104. SLM 104 can include an
inactive packaging 400 surrounding active area 300. Also, in alternative
embodiments, a main controller 402 can be coupled to each SLM controller
116 to monitor and control an array of SLMs. The dashed lines in FIG. 4
represent a second SLM in an array of SLMs. More than one SLM may be



in the figure). Pixels 302 can be mnors on a DVMD or |ocations on a LCD. By
adj usting the physical characteristics of pixels 302, they can be seen as
being in one of their states. Digital or analog input signals based on a
desired pattern are used to switch states of the various pixels 302. In
sone enbodi nents, an actual pattern being witten to object 112 can be
detected and a determ nation can be nmade whether the pattern is outside an
acceptabl e tolerance. If so, controller 116 can be used to generate anal og
or digital control signals inreal tinme to fine-tune (e.g., calibrate,
adjust, etc.) the pattern being generated by SLM 104. 100421 FIG 4 shows
further details of SLM 104. SLM 104 c@n include an inactive packagi ng 400
surroundi ng active area 300. Also, in alternative enbodinents, a main
control l er 402 can be coupled to each SLM controller 116 to nonitor and
control an ar#ddpd &F the|amsy tqiget thesmplementation desighl Gs discusssgrbelbmnt a second
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suit the inplenmentation scusse jacent SLMs may be
of fset or staggadinensi.t h respect to each other in other enbodinents. SLM
Array Configurations [0043] FIG 5 shows an assenbly 500 including a
support device 502 that receives an array of SLMs 104. In various

enbodi nent s, SsMdgmyGanbgurationsore detail below, the array of SLMs 104 can
have varyi ng nunbers of colums, rows, SLMs per columm, SLMs per row,
etc., based on a nunber of desired exposures per pul se, or other

i mpl enen{@MBbn deHIGn Scshowe an asserfibly SO0 Nisclidir a gappohiaiecioe 502 ¢hat 0 a support

water o ai v SFA an &R BRI AR s, SAFHEHB R e ar ehs for

control | ogi cdetaildbelow,theatray of SLMy 104( @nthaye €@@ng himbefs sHievnng, el enents 116

and el ement 49g, WS Per "Bt sEMs B2 1o, Bic Dok cn Sumber HF desired
exposures per pulse, or other implementation design criteria. The SLMs 104
can be coupled to a support device 502. Support device 502 can have thermal
control areas 504 (e.g., water or air channels, etc.). Support device 502 may
also have areas for control logic and related circuitry (e.g., see FIG. 4 showing
clements 116 and element 402, which can be ASICs, A/D converters, D/A
converters, fiber optics for streaming data, etc.). In addition, support device
502 can have windows 506 (formed within the dashed shapes) that receive
SLMs 104, as is known in the relevant art. Support device 502, SLMs 104,
and all peripheral cooling or control device circuitry are referred to as an
assembly. Assembly 500 can allow for a desired step size to produce the
desired stitching (e.g., connecting of adjacent elements of features on object
112) and overlap for leading and trailing SLMs 104. A leading SLM is the
SLM that produces the first image in a series of images on object 112 during a
scan, and a trailing SLM is the SLM that produces the last image in a series of
images on object 112 during a scan. The overlap of the images from the
leading and trailing SLMs 104 from different scans assists in removing seams
that may result from adjacent, non-overlapping scans. By way of example,
support device 502 can be 250 mm x 250 mm or 300 mm x 300 mm. Support
device 502 can be used for thermal management based on being manufactured
from a temperature stable material.



converters, fiber optics for streaming data, etc.). In addition, support
device 502 can have wi ndows 506 (fornmed within the dashed shapes) that
receive SLMs 104, as is known in the relevant art. Support device 502,
SLMs 104, and all peripheral cooling or control device circuitry are
referred to as an assenbly. Assenbly 500 can allow for a desired step size
to produce the desired stitching (e.g., connecting of adjacent elenents of
features on object 112) and overlap for |leading and trailing SLMs 104. A

| eading- SLMis the SLMthat produces the first imge in a series of inages
on object 112 during a scan, and a trailing SLMis the SLMthat produces
the last image in a series of inageéOOn obj ect 112 during a scan. The
overlap of the inages fromthe |eading and trailing SLMs 104 from

different scans assists in renoving seans that may result from adjacent,
non- over [M#fi ng s&uprert deyicpaY?2 eop be Rtiligsd as a mechapisalbackboncte eBOYe can be 250 mMm

X 250 mm or %@%&ﬂ%@nﬁoﬁ%L@l@%@%ﬂ? hthe Rt bnlt61 AiRiqfe f Or ther mal

managenment b el ng manufactured froma tenperature stable material.
-10 [0044] Subgreel coatrol areas504 day elgetramics (chy beimaunted ereeithangrdwth backbone to
ensure spaci G fromei : gd.nﬂﬁcnnti'lgn .recuitry control
and the therdr?%lb con‘%e?%lﬂggroeaé %g&pﬁge&eﬁsggﬁg?cs can eﬁgrlrltg)%int ed on
ei t her or botdnalogfbasedbSIds oF dlectmomicsa winepigan b¢ deupdéd foppeontroderi ce 502. For

exanpl e, me%ﬂﬁln@% t (ﬁ%?c@i%@ﬂeégﬁfﬁt BEse%EBéiﬁg E&ﬁedgcm){uﬁéarf‘a“ be coupl ed

fromcontrol or I ng systens 0 active areas ased on being
mount ed on sujspioe £02, thews wizres3@R be telntively whorter, whinh rbdicescdttatuatien ¢f short er

whi ch reduces [ Q0. g4 : gggp rrgg Ol?ﬁ se where the
circuitry is @%?@l@%%&?ﬁ-&d t(gggclpor ﬁ%g@iﬂcg . : sg%e aviqﬁ}g short 1inks
bet ween t he cupmut devige 4021 Alse,ihawing ahortlink8 Gétweemithe nicsuitgisandostivauni cat i on
speed, and t I pGr eas t . | ed in.r time. [0045]
I n sone enbodi man%bg, &%n%ﬁ% m%%ﬁe é@%ergf(gﬁa(f %ﬁ"gvﬁg}eegsei ﬁ&{ e

readjustment speed in real time.

[0045] In some embodiments, when SLM 104 or electrical devices in the

circuitry wear out, assembly 500 can easily be replaced. Although it would

appear that replacing assembly 500 is more costly than just a chip on assembly

500, it may in fact be more efficient to replace the entire assembly 500, which

can save production costs. Also, assembly 500 can be refurbished, allowing

for a reduction in replacement parts if end users are willing to use refurbished

assemblies 500. Once assembly 500 is replaced, only an overall alignment is

needed before resuming fabrication.
Grayscaling Using Time Modulation

[0046] For most lithography applications, it is desirable to control, for
example, a position or width of a printed line. An effective method of
controlling these patterns and increasing resolution is by having as many
grayscale levels as possible.

[0047] One approach to increasing the grayscale on an object is modulating
the length of time during which the object is exposed to incoming light. FIG.
6 is a flowchart of one embodiment of the present invention in which the

duration of an exposure is modulated. In this embodiment, iilumination



circuitry wear out, assenbly 500 can easily be replaced. Although it would
appear that replacing assenbly 500 is nore costly than just a chip on
assenbly 500, it may in fact be nore efficient to replace the entire
assenbly 500, which can save production costs. Al so, assenbly 500 can be
refurbished, allowing for a reduction in replacenent parts if end users
are willing to use refurbished assenblies 500. Once assenbly 500 is

repl aced, only an overall alignnent is needed before resum ng fabrication.
Grayscal ing Using Tine Mdul ation [0046] For nost |ithography applications,
It is desirable to control, for exanqle a position or width of a printed
line. An effective method of contrdl} I'ng these patterns and i ncreasing
resolution is by having as nany grayscal e | evel s as possible. [0047] One
approach to |ncreaS|ng the grayscale qn_an ob6ect is mpdulating the length

of time duri n¥ueiCh Hofdesp faseri(ngtshown) o du gtep 802, fighy fromyillumingtion F g 6 is a

flowchart of Qufeq0PRdiaNBRtedly $IM 104 RFBM a ERVSREMOA objdctizch the duration
of an exposure i s nodul ated. | n this enbodinment, illumnation -11 source

102 i ncl M8l 5 | asHep @A@Pmeﬂ%ﬁhmmat@tdeﬁuewgm&nw#%?ﬁﬁ R¥eLni nat i on

source 102 I&lgemteqealpmma%&& lfoﬁrpar%rmftdnﬁéﬁftﬂéfaiébéhnpn obj ect 112.
[0048] Step 4 conprises chan ;TF]?QQ he duration %0 pul se width) of a

| aser pul se Brseparaterh inte smltinle, p mw%ﬂy-‘owlﬁ@@ gths phthaseist ance, i f
the | aser beahniief Mﬁ%ﬁ%@d‘m&lﬁk& Ewﬂh%?ﬁtﬁﬁm g@g the relative

I engths of those parallel beans are the du the pul se
wi |l al so chagebviqus tajgne hﬂm@gdﬁmg‘lqlbmoﬂie ‘artathetnenyoethernaethodii | | in t he

art that any gy &4 BPchanfohgBiralor % adePp lfa&aaag swsugmnﬁ‘ggg? of a laser

pul se can al e used In t odiment. [0049] In step i ght from
i 11 um nation @ehediment.02, this time with a different pulse width, is

transm t j@doPy SLM, %04 6%, A EBmSRRARMGRREoR16Y) this time with a
different pulse width, is transmitted by SLM 104 to form a second pattemn on
object 102. The second pattern overlaps the first pattern. The overlapping
patiern creates grayscale.

[0050] Step 608 comprises repeating step 606 until the desired grayscale level
is achieved. Each time step 606 is repeated, a different range of grayscale
levels can be produced. Combination of grayscales from different exposures
gives additional grayscales.

[0051] FIG. 7 represents a second embodiment of the present invention, in
which the duration of an exposure is modulated. Step 702 comprises
illuminating SLM 104 with light from illumination source 102. SLM 104

creates a pattern in the light.

[0052] In step 704, object 112 is exposed by the patterned light reflected from
SLM 104.
[0053] Step 706 comprises creating levels of grayscale. This is achieved by

switching a portion of pixels 302 of SLM 104 from one of their states to their
secondary state earlier than other pixels 302 of SLM 104. The secondary state
of a pixel may be a different grayscale state, in which the pixel sends a
different fraction of the incident light to the exposure area. Alternatively, the
secondary state to which the pixel switches may be its OFF state, where the
pixel sends no light to the exposure area. Step 706 is further described in
FIG. 10, which is a timing diagram of an example step 706. X-axis 1002



object 102. The second pattern overlaps the first pattern. The overl appi ng
pattern creates grayscale. [0050] Step 608 conprises repeating step 606
until the desired grayscale level is achieved. Each tinme step 606 is
repeated, a different range of grayscale |evels can be produced.

Conmbi nation of grayscales fromdifferent exposures gives additional
grayscales. [owW] FIG 7 represents a second enbodi nent of the present

i nvention, in which the duration of an exposure is nodul ated. Step 702
conprises illumnating SLM 104 with light fromillum nation source 102.
SLM 104 <creates a pattern in the light. [0052] In step 704, object 112 is
exposed by the patterned fight reflectéd from SLM 104. [00531 Step 706
conprises creating |evels of grayscale. This is achieved by switching a
portion of pixels 302 of SLM 104 fromone of th rre}ates to,their
secondary st afcBregents IPWWWﬂ%M%FW@géWO@f QRfzscanrh - secondary

state of a pM@iOM%r&%n@ﬂﬁ'Ju&%&%ﬁpxﬂ!s@@%@'f@rei:'iaﬁ B, SILM 10Biu@h t he pi xel
sends a different fraction of the incident light to the engﬁéure ar ea.
S may be its

Al ternati vel yaregstive ake@iyenting Assymeatitigne (thatiq nupberdy setennx
OFF state, whgiige tﬁ&suﬂ,sﬂe@{ a&@%&%ﬁm@%&ﬂﬂﬁ&oﬁ&:}&ﬁe%&‘ﬂ?ﬁﬁél@ﬂh@a Step 706

is further described In which is a timng diagramof an exanple

step 706. X- aQFEStIGOQHGQQBkﬂbfme reopgnizatbatiolict states may herpsed.r epr esent i ng

thetota Eﬁf 4.r n of pixels

302 of, giarrpllie&H % ﬁtr?t'%ﬁ tﬁ%r;%ga%tttﬁl\%&??’ La%églt@grrﬁa#:ﬁ)rrgf Assune at

time O that apinelsBEY switchto theix OFE sGR2 'ﬂheeefomgmmmeliozﬁes timpl(#@) ty, al so
the OFF state. One of

assune that t eco dary. state of . all
skill in the E\Ff\? ‘%&Wﬂﬁt’ E%‘P’at"&é‘mﬁa(y be? S 10054] Part
of the way thpatigh Btdggn@mayoz stvitcH io"Meif DFP)state@. tnhﬁﬁt;mﬁemhuemﬁer of pixels
302 switch to their F states. Therefore, | medi atela}/ after time (t-P),
time (t-o), (N-A)-B) pixels remain in their active states. Finally, when the
end of the scan is reached at time t, the remaining ((N-A)-B) pixels switch to

their OFF states, leaving no pixels remaining in the active state.
Grayscaling Using Power Modulation

[0055] * FIG. 8 represents method 800, a third embodiment of the present
invention. In method 800, grayscaling is produced by modulating the power
in each exposure. Method 800 is further supplemented by FIG. 11, a block
diagram representing one embodiment of projection optics 110. In this
embodiment, projection optics 110 includes a filter 1102 and additional optics
1104. One of skill in the art will recognize that additional optics 1104 may be
placed in light path 1106 before, after, or on both sides of filter 1102. In
addition, in further embodiments, filter 1102 may be placed anywhere in the
optical path outside projection optics 110.

[0056] In embodiment represented in FIG. 11, projection optics 110 may also
include a control system 1108 for controlling, among other things, an intensity
transmission value of filter 1102. Control system 1108 may be either manual
or electronic. Control system 1108 may comprise, for example, a switch.

[0057] In method 800, step 802 comprises passing light from illumination
source 102 through filter 1102 to create filtered light. Filter 1102 has a first

intensity transmission value,
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(N-A) pixels remain in their active states. Later, at tine (t-a), a second
portion B of pixels 302 switch to their OFF states. Thus, imrediately after
time (t-a), ((NNA)-B) pixels remain in their active states. Finally, when
the end of the scan is reached at tinme t, the remaining ((NA)-B) pixels
switch to their OFF states, leaving no pixels remaining in the active
state. Grayscaling Using Power Modul ation 100551 . FIG 8 represents nethod
800, a third enbodi nent of the present invention. In nethod 800,
grayscaling is produced by nodul ating the power in each exposure. Method
800 is further supplemented by FIG 11, a block diagramrepresenting one
enbodi nent of projection optics 110.-¥n this enbodi nent, projection optics
110 includes a filter 1102 and additional optics 1104 One of skill in the
art will recognize that additional optics 1104 ma placed in light path

1106 bef 42058} af t erln stsp &4, thetfHterad dight gxposes| abject 11D pqoduceaajﬂrstl on, in

further enbod% to?xobel:t' f19r 1102 may be placed anywhere in the optical
pat h out si de rOJectlon optics 110. [00561 In enbodi ment represented in
FIG 11, [¢058) ect | dm stop EPGShe intedsityptyangnisgion aled ofdfeten 11 8nis chingsd/ st em 1108 f or

control 1119, SRHGBLIE okl B fibe! AR 103 ARISNAR RIS Ve O il ter

1102. Control “syst el ther manual roni Cont r ol
system 1108 ntansmissipn vales. for exanple, a switch. [00571 I n nmethod 800, step

802, COTPURRP. P2 el Ml b o e O 38 gl on (11t
transm ssi on preduced byll3ght GRassiig tlmougheﬁiteﬁonmtmm ’thel teeomtliritcngitnt exposes
OBLect, 112 onlai Bl eyl SISk Bk R 2P 200
exanpl e, contdifferest)intensity zn8he fist pivetn dredt&segrayiw Stes 896aed 8081 | ntensity
transm ssion Va)lr ﬁjeercpeated to increase the number of grayscale levels on object 112.
[0061] FIG. 9 represents method 900, a fourth embodiment of the present
invention. In method 900, grayscaling is produced by modulating the power
in individual portions of a beam. Method 900 is further supplemented by
FIG. 12, a block diagram comprising elements in a system 1200 that may be
used by method 900. System 1200 comprises, among other elements,
illumination source 102, a beam splitter 1202, a set of filters 1204, SLM
assembly 500, and object 112. Set of filters 1204 may include filters A-N,
represented by ellipsis in set of filters 1204. Similarly, SLM assembly 500
may include at least the same number of SLMs as the number of filters. For
example, if there are N filters in set of filters 1204, there may also be N SLMs
in SLM assembly 500, ,
[0062] In method 900, step 902 comprises splitting a light beam from
illumination source 102 into more than one beam segments. The beam
segments wiil be referred to as beam segments A-N.
[0063] In step 904, beam segments A-N are passed through corresponding
filters A-N in set of filters 1204. Filters A-N modulate the power in each of
corresponding beam segments A-N. After beam segments A-N pass through
filters A-N, method 900 proceeds to step 906.
[0064] In step 906, beam segments A-N illuminate corresponding SLMs A-N
in SLM assembly 500. Individual SLMs A-N in SLM assembly 500 then
transmit the individual beam segments A-N to object 112,



[ 0060] Step 808 conprises overlapping the first pattern wwth a second
pattern, produced by |ight passing through filter 1102 with the second
intensity transm ssion val ue. Exposing object 112 with a second pattern
having a different intensity than the first pattern creates grayscale.
Steps 806 and 808 maybe repeated to increase the nunber of grayscale

| evel s on object 112. [0061l] FIG 9 represents nethod 900, a fourth

enbodi ment of the present invention. In nethod 900, grayscaling is
produced by nodul ating the power in individual portions of a beam Method
900 is further supplemented by FIG %2, a bl ock di agram conpri sing
elenments in a system 1200 t hat may 5d* -used by met hod 900. System 1200
conpri ses, anong other elenents, illumnation source 102, a beamsplitter
1202, a set _of filters 1204, SLM _assenbly 500, and object 112. Set of
filters 10863) nmy ifanallyda stop| 908 the mdNidual beamacghents epseplischdls i n set of
filters 1204.n3hBvidibbite mahira SRl fieren? PattefBYah BE Lidtted #f cdeR@Bt the sane
nunber of SLMs as the nonber of filters. For exanple, if there are N
filters in sethe beanf pagmspts by AoindividupleSIds, AJY,sgmg pa NBY SXRPSSLM assenbl y
500. [0062] '&%&?ﬁfmn%%fra%mn CRIPSth&Ssttes. This\Gpdsukd Gt beam from

illum nation source 102 into nore than one beam segnents. The beam
segnent s wi | | migtiple pattarmscwith differontiietensitics gieates lovels of grayodraqn gbjectt ep 904, beam

segnents A-N ahe j i r.-ﬁ%ré-s Ife Set  of
filters 1204.ﬁ2iIf@f%ﬁ%yk@ﬁ%ﬁ%ﬁg&%ﬁ%ﬁ%H%ga%pﬂ?ﬁkg%%ﬁ 0 %%#@%sponding beam
segnent s A- N.nuafbersiof individuebpamysegmentsing sndividual Fdsused | ters A-N, net hod 900
proceeds to step 906. [0064] In step 906, beam segnents AN il lum nate
corresponding SLMs AN in SLM assenbly 500. Individual SLMs A-N in SLM
assenbly 500 YHen Conelusiomi t t he i ndi vi dual beam segnents A-N to object 112.

114 1 006Rsy' nal ! dymile vttt Hiuindedfs bf'Be prlvdt RARHLD HAVP Yol ©XPOSE ODJ ect

described above, it should be understood that they have been presented by way

of example only, and not limitation. It will be apparent to persons skilled in

the relevant art that various changes in form and detail can be made therein

without departing from the spirit and scope of the invention. Thus, the breadth

and scope of the present invention should not be limited by any of the above-

described exemplary embodiments, but should be defined only in accordance .

with the following claims and their equivalents.
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I n an overl appi ng manner. Since different patterns can be created in each
of the beam segnents by the individual SLMs A-N, sone patterns nay expose
object 112 with a different intensity than other patterns. This exposure by
multiple patterns with different intensities creates |evels of grayscale on
object 112. The nunber of grayscale |levels may be increased by increasing
the nunbers of individual beam segnents and individual SLMs used. VII.
Concl usi on [ 00661 Wil e various enbodi nents of the present invention 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 form and
detail can be nade therein w thout departing fromthe spirit and scope of
t he inventiongqggp breadth and scope of the present invention should
not be limte EH?‘ Babove- descri bed exenpl ary enbodi nents, but
shoul d be defined only in accordance mﬁth the following clains and their
equi valents. - 15 WHAT IS CLAIMED I S: In a maskl ess |ithography system
havi ng a spat1 aI IW@W@%B@&S@PWWWWWM@%fmmm ng grayscal e on

an obj ect, meﬂoaacy;wubaggaysammg@e&%d% gt With light to

produce a pat ern and nodul ating an exposure tinme of the object to
produce a rar@é‘P&ﬁmsgrayscal e levels on the object. 2. The method of claim

1, wh d h I dth of
erein sai mggbg gt hodﬁ)%l?lid B gﬁm%& e pul se w of a

| aser |'i ght source. The rern the pattern is
produced by the Imammvwmeﬁﬂﬁqmtqgmmcwmmoft he met hod further

conpri sing:  oyugyLAPRVAY REoRBit €rN With a | aser operating at a second
pul se width

2. The method of claim 1, wherein said modulating step comprises

varying the pulse width of a laser light source.

3. The method of claim 2, wherein the pattern is produced by the laser
operating at a first pulse width, the method further comprising:

overlapping the pattern with a laser operating at a second pulse width
to produce an overlapping exposure, wherein the second pulse width is
different from the first pulse width,

such that the overlapping exposure creates a different range of
grayscale levels on the object.

4, The method of claim 3, wherein said overlapping step is repeated until
a desired number of grayscale levels is achieved.

5. The method of claim 1, wherein the SLM has a plurality of pixels, the
method further comprising before said exposing step:

switching the plurality of pixels between active states or from one
active state to an OFF state, wherein an active state of a pixel corresponds to
transmitting light to said object by that pixel at a particular gray level, and the
OFF state corresponds to transmitting no light to said object by that pixel.

6. The method of claim 5, wherein said modulating step comprises:



to produce an overl appi ng exposure, wherein the second pulse width is
different fromthe first pulse width, such that the overl appi ng exposure
creates a different range of grayscale levels on the object. 4. The nethod
of claim3, wherein said overlapping step is repeated until a desired
nunber of grayscale levels is achieved. 5. The nethod of claim1, wherein
the SLM has a plurality of pixels, the nethod further conprising before
sai d exposing step: switching the plurality of pixels between active states
or fromone active state to an OFF state, wherein an active state of a

pi xel corresponds to transmtting Ib%ht to said object by that pixel at a
particular gray level, and the OFF st’ate corresponds to transmtting no
light to said object by that pixel. 6. The method of claim5, wherein said
nodul ating step conprises: -16 switching a portion of the plurality of

g.anp
pi xel s of the SLMS*cBing eportionof thg plurality ofpixelepf the3Mde ptamat xel s in t he

SLM 7. The gmtd@fliepthak bikrPifdls ihHeldI®E, conprising conpensating for
snearing of the pattern. 8. In a naskless |ithography system having a

spatial light nodulator (SLM, a nethod of producing gray-scale on an

obj ect, said fret hoghe nfetibRoF Shifs. ASHRPS ih gor?‘;&,' ﬁ% rbleink! 9ht beamto
produce a pattern; gnd ngdul ating the oi?ve%1 of" the %Iméht e%ggmto produce a
range of gray®fdbgrattemeye| s on the object. 9. The nethod of claim8, wherein
the pattern is produced by a light beamhaving a first power, the nethod

further conprising: overlapping the pattern with a |ight beam having a
second power %.0 g'ﬂ@dme@ﬂ% ligweraphip pystegn bavyies arspatial light modulator

(SLM), a method of producing gray-scale on an object, said method
comprising:
~ exposing the object with a light beam to produce a pattern; and
modulating the power of the light beam to produce a range of grayscale
levels on the object.

9. The method of claim 8, wherein the pattern is produced by a light
beam having a first power, the method further comprising:

overlapping the pattern with a light beam having a second power to
produce an overlapping exposure,

such that the overlapping exposure creates a different range of
grayscale levels on the object.

10.  The method of claim 9, wherein said overlapping step is repeated until
a desired number of grayscale levels is achieved,

11.  The method of claim 10, wherein said overlapping step comprises:
passing the light beam through a filter with a constant intensity

transmission value that is specific for the overlapping exposure; and
transmitting said light beam to the object.

12,  The method of claim 9, wherein said overlapping step comprises:
splitting the light beam into more than one beam;
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such that the overl appi ng exposure creates a different range of grayscale
| evel s on the object. 10. The nethod of claim9, wherein said overl apping
step is repeated until a desired nunber of grayscale |levels is achieved.
11. The method of claim 10, wherein said overlapping step conprises:
passing the light beamthrough a filter with a constant intensity

transm ssion value that is specific for the overl appi ng exposure; and
transmtting said |light beamto the object. 12. The nethod of claim?9,
wherein said overl apping step conprises: splitting the light beaminto
nore than one beam -17 passing each amthrough a filter wwth a constant
intensity transm ssion value; transm'tting each beamusing its own

i ndi vidual SLM and overl apping the imges fron1each i ndi vi dual SLM on the
object. 13. A naskless |IH€ %@%pp¥@$¥8 gbc |S|n an |Ilun1nat|on
source; an object ;P g OiMEtodul at es t he
duration of t&ﬂﬁmmaomhﬂﬁﬂ a light bean1fron1the | i ght source exposes the

obj ect to produce a ran e of rayscale levels on.the object. 14. The
maskl ess | it hogr afHysrayt sing ity @vn ipdividuplSLd4i#8d npdul at or  varies the

duration of tine lmﬂ@pmgmlﬁ:b%smhﬁ@cmndﬁﬂuﬂfsmb@&%butght source
bet ween successive exposures 5. The maskl ess |ithography system of claim

13, further conprising between the illum nation source and the object: a
spatial |ight1370dy mbdMesé fthdfraphy system comprising:

an illumination source;

an object; and

a controller,

wherein the controller modulates the duration of time in which a light
beam from the light source exposes the object to produce a range of grayscale
levels on the object.

14.  The maskless lithography system of claim 13, wherein said modulator
varies the duration of time by varying the pulse width of a laser light source
between successive exposures.

15.  The maskless lithography system of ciaim 13, further comprising
between the illumination source and the object:

a spatial light modulator (SLM),

wherein the SLM has a plurality of pixels, and

wherein an active state of a pixel corresponds to transmitting light to
said object by that pixel at a particular gray level, and an OFF state
corresponds to transmitting no light to said object by that pixel.

16. The maskless lithography system of 15, wherein said modulator varies
the duration of time by switching at least one of the pixels in the SLM to at
least one alternate state earlier than other pixels in the SLM.

17. A maskless lithography system comprising:
an illumination source that outputs a light beam;
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wherein the SLM has a plurality of pixels, and wherein an active state of a
pi xel corresponds to transmtting light to said object by that pixel at a
particular gray level, and an OFF state corresponds to transmtting no
light to said object by that pixel. 16. The naskl ess |ithography system of
15, wherein said nodul ator varies the duration of tine by swi tching at
| east one of the pixels in the SLMto at |east one alternate state earlier
than other pixels in the SLM 17. A maskl ess |ithography system
conprising: an illum nation source that outputs a |light beam -18 a
beansplitter, that splits the light bgaminto a plurality of beans; a
plurality of filters, each filter corresponding to one of the plurality of
beans and having a constant intensity transm ssion value; and a plurality
ach SLM corresponding to one of the

of spatial |ight nmodul ators (SLNs e
plurality of bear’nsa,bﬂﬂ’i‘ﬁf"éﬁe‘h“éb%ﬂ"lts)dweh%‘fb’(”Wé“‘BI“tPI“Eﬂ‘YS?fW”BearrB passes
through the corr espeanlydd filters, eQéh IR corrdspdhdb3 i@ snd dTanLNldaRGRPNAI Ng SLM

array, so tha patterns produced by the plurality of SLMs are overl apped
on the obj ect deams andaying Aqopsizas ntensily trnsmussion,yalegeandc onpri si ng: a cont r ol

system for controld i 5lgraRGC P apdtiar nﬁg@nﬁ{oa.;lﬁgmb“m Qfcnt Rgpmplurality of

SLMs. 19. In a maskl ess I'ithography system having a 'spatial |ight nodul at or
(SLM with acqstesponing o one of the plugalitpofhsam®d of produci ng grayscal e on an

obj ect, said nmethod CoeleinSdabitoneSRAS bRty T belthefdssedithrbugh thi 9Nt beam to
produce a pattern; npdul at :a&gélan exposure tinme of the object to produce a

first range ofoTrgoagiag fler fugnipgtest the cemespendingafbMniytayl s itha§ t he power of
the light beapatemsproaddeaddy ey of IMEar bvertapped on the object.

18. The system of claim 17, further comprising:
a control system for controlling each pattern generated by each of the
plurality of SLMs.

19. In a maskless lithography system having a spatial light modulator (SLM)
with a plurality of pixels, a method of producing grayscale on an object,
said method comprising:

exposing the object with a light beam to produce a pattern;

modulating an exposure time of the object to produce a first range of
grayscale levels on the object; and

modulating the power of the light beam to produce a second range of
grayscale levels on the object.

20. The method of claim 19, wherein modulating an exposure time of the
object comprises at feast one of the group consisting of:
varying the pulse width of the light beam between exposures to
produce overlapping exposures; and
switching a portion of the plurality of pixels of the SLM to alternate
states earlier than other pixels in the SLM.

21. The method of claim 19, wherein modulating the power of the light beam

comprises at least one of the group consisting of:




grayscal e levels on the object. 20. The nmethod of claim 19, wherein
nodul ati ng an exposure tinme of the object conprises at |east one of the
group consisting of: varying the pulse width of the |ight beam between
exposures to produce overlappi ng exposures; and switching a portion of the
plurality of pixels of the SLMto alternate states earlier than other
pi xels in the SLM 21. The nmethod of claim 19, wherein nodul ating the power
of the Iight beam conprises at |east one of the group consisting of: -19
varying the power of the |ight beam between exposures to produce
over | appi ng exposures; changing an intensity transm ssion value of a filter
t hrough which the 1ight beam passes T0 produce overl appi ng exposures; and
after splitting the light beaminto a plurality of Iight beans, passing
each beam through its onn fiIteIr witg?1 g copst ant intensit;}/ transm ssi on
val ue. varying the power of the light beam between exposures to produce
overlapping exposures;
changing an intensity transmission value of a filter through which the
light beam passes to produce overlapping exposures; and
after splitting the light beam into a plurality of light beams, passing

each beam through its own filter with a constant intensity transmission value.




