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OPTI CAL MASKLESS LI THOGRAPHY BACKGROUND OF THE | NVENTI ON'Fiel d of the

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

l'i thography. More particularly, the present invention relates to maskless
| i thography. Related Art [0002] Lithogrdphy 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 use t | i IS Lgonduct or waf er
or gl ass subst%@ﬁ%ﬁﬁ%@%@ﬁ JP| trégg A "ﬁb%ens of a
sem conduct or waf er-fo i ; E- dinthe art

woul d recogni ze that this description also applies to other types of
substrates known to those skilled in the art. [0003] During lithography, a
waf er, which is disposed on"a wafer stage, is exposed to an inage

proj ected onto the surBACKGROYNER OF¥res NMYsure optics |ocated wthin
a lithography apparatus. \Wile exposure optics are used in the case of
phot ol i t hogr ale_hé, a different type of exposure apparatus can be used
dependi ng on ¥ield ofthetpventiasr application. For exanple, x-ray, ion,

el ectron, or photon |ithography each can require a different exposure
apparatus, as is known to those skilled in the art. The particular exanple
of phot dM0thogr apfy nresenfi wendionds Wireeds ggnerally e tlitangrapby.p¥piéses onl y.

[ 0004] The prg£ci i kol aracteristics of a

| ayer, for e@anpleg’pmhgﬁg%ggﬁg%#&g%g'%gﬁ}gﬁﬂgﬁ%ﬂﬁ%ﬁa lﬁﬁf ace of the wafer.
These changes -2- correspond to the features projected onto the wafer

duri‘ng expoSURQated Art

[0002] Lithography is a process used to create features on the surface of

substrates. Such substrates can include those vsed 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 subsirate. 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. | |

[0603] 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 time, individual fields are seanned 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 rmnust th@msﬂumdasyyr&tehtf@nwsbmjesteépqnﬂd thet wefen diviey @xposmesures to al | ow

mul ti pl e copi of the retic patte osed gver, the wafer
surfage p s %lsgquﬁrwitﬁ?lee}r{pos%rﬁetﬁ%ﬁﬁﬁr °?‘§/ ?ta%ﬂﬁz PWQ‘@% ad?ﬂgf%ﬂléﬁeronto t he waf er
i's maxim zed ThOBifein Gm'ast pmtis enédosd febtnog rpaqjbdtel &ystml aﬁﬂdmﬁi@tl h?ﬁs forhm

i mages on a sem.condict or |ca as i t hogr aphic
chagber that PEY&si Wéﬁﬁ?3m£§W?hsﬂﬁ§h%§%3%F B FHFIG s thg pPocess
of inmage for medposed poniivnt é uadaiying nthucttual la@ﬁ%eﬁxﬂnrﬂ'ﬁe whaﬂbﬁih &an be desi gned
to have dlffeg%ﬂu gas nix ur.es and g?adeglof vgﬁgun1de endi ng on the

wavel engt h of “POEHYS FEIHY ‘ﬁ%‘e?:l OTAIPEPE BYFE pd8FPBREY i 1%%e t he
chanber. A beapeata‘d fopgidtr wiith othpasqedmtit therdaired fehiures Aaieibesh fomudce (| ocat ed

outside the sys throuhan opti.cal stem an inage outline on the
reti¢cle, and 4 g Beshae 8 .q’%%‘r“sl%lg o B’@?%re interacting with a
senmi‘condi@osy waf Step- a{nﬁ@&ﬁ] teghmplogy a;lmrkg/ szcoﬁ]ﬁidtlﬁlll e;ﬁthaaeprbgeawhr ed to

| nor easi ngly et Fsfl ks 8 Wa%or Bhfimec o RaERL kR B Bo S8 < ne 1 cat ure
si zes and t hewafweat bhegme, ohchv:duntﬁslds a:eqcnnn@bbmmmesmﬁdrloné stak tithe€ Si zes. Al so,
areticle c anI‘h?ﬂ' chlaﬁpﬂéthg(gb}t ﬁgwgg s ta)%r 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 rt?ticle pattern to be exposed over the wafer surface. In
this manner, the quality of the image projected onto the wafer is maximized.
[6006] Conventional lithographic systems and methods form images on a

semiconductor wafer. The system typically has a lithographic chamber that is

desiglled 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 o
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 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,



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 manufacture of wafers using reticles is becom 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.g., mrrors or transm ssive areas)
that are individually controlled to-3erma desired pattern. These active
areas are also known in the art as "pixels." A predeterm ned and
previously ,stored algorithmbased on a desired exposure pattern.is used
to control ththepmamifacture Ef{chafpls xesing retiles B Meoaringy arcyeasivgdy,omid cal

properties (e h transmttance) in a controllable manner
péoybdgbaRag LT

SO0 as to prov variatio ose delivered to the wafer surface.
[ 0009] | 008} ypi cdh caddyddiomeméme &a@drpwk@ks aaaklesuge diragt varitea | i mited

nunber of dis e rre n ain |level of dose
gray- scali ng&g%] etg ﬁé‘apr?g%ggsl?s g%ﬁa ﬁl‘ﬂ)gé pFEe i(gfs %¥Wne corresponds
tof t he dpl xel regloeadi mgetmbe Iviithe wnnal nghEnmdalame (&ILM)a (e ghias digttait ef maK be I
referred to f.at tates of the pixe
correspond tg&fcﬁgn%&p Ebﬁﬁjé ‘9{1 g‘?’%%‘ désg r@tjD ﬁ‘gr% a‘certain
fraction of t&TeMllmddemartawglﬁactnvoareast(agemmmaamvelanea@)rtﬂar to be able
to control th cﬁﬂ% y t%}?lé&]to( fordla degiredapa em 'Pl%se?é %MthegssgrfﬁogsPu gt ed

Ilne) it is desira ave as scal e
However, the aitmh@wnah tgtr ay s &pigels. ével p'eduelnnmv(hb:habpﬂaymus‘i)nsmdm ng the

e oS R AR A 8 Bk |0 S
| aser pul se Each pixel in an SLM can vary its optlcal propetties (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 comresponds 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 pattem (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




if the wafer scan is continuous with 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 snearing 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 limtation 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. [0011] Also, having a

| ar ger nunber of pixel states nmakes béth the design of an SLM and the
control over the states nore difficult. [0012] Therefore, what is needed is
-a maskl ess |ithography systemand nethod that woul d allow achieving a

| ar ger nunber diseregrstejes.cand dhd nigdtion owithiehoaimim pbssitdd dup trhsfenaber  of

di stinct pixe f o UMVARY T | NVENTI 013] . The present
invention is %ﬁsﬁﬁesgibgaam%@%]fg%%ginr%lﬁ%{ qg:%xﬁggﬁmgﬂuﬁgé %‘?%V§%’§I e levels in
an illum nati &welsyst em wi t hout increasing the nunber of discrete pixel

states i t sys i evel opnent. provi de reci,sion control over

f eat uresqgﬁrllqﬁt ed béﬁf‘ﬁlg\xgégtla? 7 %ﬁ 0581"?‘#85‘\{666%”?‘9{)‘6 hwred[%ﬂgn Qfdt h of a
line. [0014] wnSigiendinboctittoboner tht ketepmemeelifficulnvent i on provi des a net hod of
grayscali {n an 4 ] on system incl udi a | aser, wherein changing
the ti mﬁg&l ati onﬂg#e%g‘%%s%rn wditlss ap%a@#ﬁsés ?ﬁ‘?@?’oﬁﬁ*mg scal e | evels.
[ 0015] | n anomhktbed dimd oxhivid aliow tabldevimge 8 clatger nwllndri dfngpysosle dewlsa net hod of
grayscaling ip; i1 L i i.nc ing a spatial |ight nodul ator
(SLM, wherei itk %E‘Féeﬁgél%ﬁ@ﬁigﬁfﬁg}ﬁa‘xﬁ}ﬁ%ﬁa pi xel of the SLIMis
act+vated 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.

[06016] 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 Iaser power

are employed.




[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 nents of the present invention, are described in detail below with
reference to the acconpanying draw ngs. BRI EF DESCRI PTI ON OF THE FlI GURES
[ 0019] The acconpanyi ng draw ngs, whigh are incorporated herein and forma
part of the specification, illustrate the present invention and, together
with the description, further serve to explain the principles of the

i nvent i orf0@sy to Hmﬁkﬂ emhodiﬁbﬁtﬁgn f&hlrésl, e;d]dl @dﬁahﬁgd@ebflﬂl@n})re%i to make and
ess I|thoqraphy system havi ng

use the invention. 028%%5 %@ éﬂ&

reflective SLIKSIUORAR S f‘B“"Ef% Oﬁﬁrﬁ‘?‘? SRECY BRI RORNt i on. [ 0021]
FIG 2 shows thermskhteingention, g dapivedsinsiam baw nam fodisioh 351N  SLMS,
according to enbodi nent.,s of the present invention. [0022] FIG 3 shows an

SLM accor di nfFUBPAY g ¥ IS ent 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 ment g [0025] FIG 6 is a
fl owchart representing algﬁrst e ?ﬁgﬁitQE%E%e net hod of grayscaling,

wherei n changing the tine duration of the | aser pul se provides additional
gr ays cal gptigyel s, Tae Q&Bﬂbﬁﬂlﬂg%&ﬁﬁgspﬁﬁa@ﬂ% incBRp6afell Btein and form a

N ) 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.

{0624] 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 tine duration of a discrete state of a
pi xel provides additional grayscale |levels, according to the present
invention. [0027] 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.
[0028] FIG 9 is a flowhart representing a fourth enbodi nent of the nethod
of grayscaling, wherein changing the power of individual beans froman _6_
illum nation source provides additional grayscale |levels, 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. [0030] FIG 11 is a bl ock diagram
representing dhmisation dionee tprovidepradfitiotal @raysdcajt leedls, lddordingGo 2 is a bl oc

[ 00311 k di agr%ggnrtl%%%%enti ng an exanple systemin which the present

i nvention maypf)e useq [1'0032] The present invention will be described with
referencel0§29]t he Bl dfnpantiming dipaw shgsing i exathpidffangihgwhd tihe an el ement
first appears s. tvpical indi cated by.fhe leftnost digit(s) in the

cor r espondi ngd‘r’%?%’roé.ﬁélgcmt]e{f%ee%apHﬁﬁ‘ﬂPﬂ‘éﬁ%@%&%%ﬁW&%‘ﬁE | NVENTI ON
Overvi ew [PGOB3] WFIGs 18 mechlfdkaliapennt tepraseatingoe embddimenitafgRyeRAsSs ar e

di scussed, it pt%@?iﬁd be understood that this is done for illustrative

pur poses onl y? person skilled in the pertinent art will recognize that

ot her corff3gbr at i dfi€. aRds a blockadiggram népseserdtingha endrile Wstchomtwideparting from
the «S}p' it ang . 36008 inPintholl Saay be used. |

L i

[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 coﬁﬁgurations 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 maskiess lithography
machine. The system and method can be used to increase conﬁ'ol 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




present invention. 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. [0034] Enbodinents of the present invention provide a nethod
for grayscaling in an illumnation system for exanple in a maskless

| 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 nmaintaining the nunber of discrete pixel states. Maskl ess

Li t hography Systenms -7- [0035] FIG | shows a naskless |ithography system
100 according to an enbodi ment of the present invention. System 100

i ncludes an illumnation source 102-That transmts light to a reflective
spatial light 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 light in
pl ace of ticl tradltlo tems.. Patterned |ight
refl ect ec!ew m SLWE‘SJ 5a%§] elsﬂrh 51%5’13;)&%{3“’5 ‘?S G perdingofs #nd proj ecti on
optics 110 anefnm}duﬁehm of de mesetlijrentionl 1S¥s¢@1 @00 P&udé%%&}lﬁzﬁin@uona

sem conduct or _wa ass strat or a e i splay, or

li ke). [0036]° q“fceelggf@t% tﬁj@@i t&taeﬁﬁ?%’é(? sli’qt‘P]tﬁ‘ﬁthhg‘l"a‘Hﬁo’b s can be
housed wi t hi n104i {elgina mgitabmcs@nimﬁdaﬂ& (D), Sa keTlemtve | Iuidn&yétgl evant art. It
is also to be d at. SLM opt.i.cs 108 prOJ ctlon optics 110
can include afl qigp@ﬁg} ?}P J#‘h)o‘f’a% Tt ﬁ%‘l@%@i‘ﬁ@“‘&@ %I %Wdl rect |ight
onto desired H]zleaasedfto p&teM m@%gmid/p%e ebaeéﬁblelﬂ&adlﬁﬁmlﬁth in the

rel evant art. [0037 er e or both of

i 1] upi nation é’%ﬁ?l%e]Pa'iW %ti‘gfoﬁ’agﬂgnﬁ)gdﬁﬁﬁﬁi lntS ‘@g #e integral

controllers ]sl:littariﬁllG]ailﬁ,pro_]dfoaﬁllDeﬁﬂcs\&@b yind GeiRkd on ke bbjddkd 1gqnghe used to

adj ust |IIumnt| n_sour on, fee fromsystem 100 or to
peJr form cal i BPAYPEH? Seﬂ%ﬁ?nsg% fTi%ggss Slbsrals o Hot panel display, or
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 alternative 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 pattem 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 pattern or patterns.

[0038] FIG. 2 shows a maskless Jithography 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 pattem the light. The patterned light is transmitted through




can al so be used for adjustnent and/or calibration. Alternatively,
controller 116 can be used for switching pixels 302 on SLM 104 bet ween
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 coupled to a storage elenment (not shown) wth predetermned
information and/or algorithms used to generate the pattern or patterns.
[0038] FIG 2 shows a naskless |ithography system 200 according to a
further enbodi nent of the present invention. System 200 includes an
iIlum nation source 202 that transnt8s light through a SLM 204 (e.g., a
transm ssive LCD, or the like) to pattern the light. The patterned |ight
is transmtted through s projection optics 210 to wite the pattern on a
surface of anpuljctiet opRieL210/te wriki tbe patainadiarseriice oﬁdd\dh?&ﬂzns Iaifi§ ansm ssi ve

SLM such as Well] f t to above,
ei t her one or%%%%ﬁ’%%g%ﬁgt Sﬁnsg}éfﬁrstlf&{’%ga%ﬁ %ﬁW@OJASP n be.coupl ed
to or integrabrth tike. Somilardd dbervs eRlet onndt bathGf illurBBHEE sduwe| 29?2 g@i%rgl | er$b234
and 216 can Lar functions, as ntroller 4 an escri be
above, and ag &%&8\%’3 ;%m{“b cogﬁlf‘p? FOIBFE E&&’H&%’“@L“@E ?ﬁéta?“ga?ﬁﬁbe used in

ei ther of systegpretideD0 (ﬂonﬁﬁlﬁ:rsaﬂm andi 1206 aah lpleﬁai-ubyhﬂmaﬁrﬁﬁm;@nsL@sferegystens AB
of Sweden and, rgﬂém%‘%dHEHSS%&%?E?‘;@%I&%\[UMUIBli and Systens o r many

[0040] Merely conveni ence e only to system 100
bel ow. Hd0ﬂ39]er aIExamplacﬁMasthailcmmbsamd meiﬂmn/ocaﬁteaissmoappbwaieo system 200,

as would be k ne._.s t ant her
arr ahgenent s %‘r%}ml?n egdrsg on 01 g’gk?ﬁ‘(ﬁr&ﬁt‘)fgé'f‘? B’I € of FIGS. 1

and-" 2 will bbstdmefcaﬂmulesmnd’swmfﬁemgh nary sKki I | in the art [WI Z?fu}q :
departin omt It _and scaope esent inventign. [00
3 shows t4g s o e{(ért Ve ea f)'ﬁnc(?fmgelﬁ '?5% "#otf’ séfitﬁ'ﬂﬂl%g

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 ohe SLM may be




Active area 300 includes an n x marray of pixels 302 (represented by
ellipsis inthe figure). Pixels 302 can be mrrors on a DVD or | ocations
on a LCD. By adjusting the physical characteristics of pixels 302, they
can be seen as being in one of their states. Digital or anal og input
signal s based on a desired pattern are used to switch states of the
various pixels 302. In sonme enbodi nents, an actual pattern being witten
to object 112 can be detected and a determi nation can be nmade whet her the
pattern is outside an acceptable tolerance. If so, controller 116 can be
used to generate analog or digital control signals in real tine to
fine-tune (e.g., calibrate, adjust, efec.) the pattern being generated by
SLM 104. [0042] FIG 4 shows further details of SLM 104. SLM 104 can
i nclude an inactive packagi ng 400 surrounding active area 300. Also, in
alternative edibddo entrmy ta suifite ieplieathlicr dedign. CandibRsseoypbed t o each SLM
controller 116 t itor.an ontrol an.array of SLMs. .The dashed |i nes
in FIG 4 re[a)(SS aecglgtrﬁﬁgs @&Bﬁ@%ﬁﬁﬁgﬁgﬁgﬁ?gf@% toga c!’\{ﬁ%?@t an one SLM
may be -9 addebbdimentdne array to suit the inplenentation design. As
di scussed bel ow, adjacent SLMs may be offset or staggered wth respect to
each other in other enbodinents. SLM Array Configurations [0043] FIG 5
shows an asseRNArBY@onfigdratitingg a support device 502 that receives an
array of SLMs 104. In various enbodi nents, as described in nore detail
bel ow, the array of SLMs 104 can have varying nunbers of columms, rows,
SLMs per [6@BLmM, I FIES Sphows anvasserhlly ,Sobmﬂidgr‘adaxppbwbaﬁcd)jozdgai reﬂ
exposures per_pulse, or q i.plenentatio esl criteria.. The SLMs 104
can be coupl et ?@sﬁﬂgﬁiyp@%ﬁif@w'c vapys e@hﬁ(ﬁ@ﬂt&&ga?se%b%lzmefan have t her mal
conttol ar easdefiidbe{om, Ghe arvaytdISLMs 1 rca harnahing Minthe)s. of SUARASt devi ce 502
TG 5 ehon EwS SIS b coftl SEVs p&To¥, 80 pised 8h S bbb ot dekidea & 9+ S€€
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
elements 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.




el ements 116 and el enent 402, which can be ASICs, A/D converters, DA I
converters, fiber optics for stream ng data, etc.). In addition, support
devi ce 502 can have w ndows 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 assenbly. Assenbly 500 can allow for a desired step size
to produce the desired stitching (e.g., connecting of adjacent el enents of
features on object 112) and overlap for |eading and trailing SLMs 104. A
|l eading SLMis the SLMthat produces the first image in a series of inages
on object 112 during a scan, and a-titailing SLMis the SLMthat produces
the last inage in a series of 1inmges on object 112 during a scan. The
overlap of the images fromthe |I|eading and trailing SLMs 104 from

di f f er entf0tdpns askippdrsddvive SeN@MbE gtiliead a6 medtahiciTbyckbEfLb tnsuifeom adj acent ,

non- over |l appi ng .scans. f anple,. support device 502 can be 250 nm
X 250 nmmor 3 CIWQP?r?bgywy@aﬁﬂ‘g??%E%%tﬂgGlﬁcuttﬁ’nc"ﬁg‘ﬁﬁgﬂqef or ther mal _

managenent bathehabtorael feasmBAUAAE bldERMics fbiDbe RoldRinar skhéet' @ bsihabl e materi al .
-10- [0044] Suppor.t . evic%§502 %%n be HtLIi ed as a nechani cal backbone to
ensure spaci ng g $id ang e fepiside ph suppar device SOffion aramp's WBSHYSH€Ui try cont rol

and the theramlogdapddr SLMaloe akclodidcs, Mitds SArE64 lcopldaSiea toRolngunt ed on
either or both of a bac idg and %@érﬁnt si de of support device 502. For
6‘3"%’ Leeas R

exanpl e, when™ RIS Y= psed PR RYIREIRPURED ORiSERIT c o be coupl ed

from control device 502 iebegiraycai BlaliOdy biwras Whith rafeasndl@ionBgsed on bei ng
mount ed on support. device 502, these wires can be relatively shorter,
whi ch reducesa%g]ggéfﬁ} iCBWp?f?‘P?Oa?\éfwﬁgwE‘ir@H‘Sl Qrepilpngs reet doft Bse where the
CiFeuitry is suppoetdsvice 600.t Alko, hetippsHokt IHRY bétRedalfl cifbfi.anadiveg short |inks
bet ween the ci rc%@ré&and active areas 30 .caan i ncrease conmuni cation

i Ticr an

speed, and t kﬁﬁ%ﬁs Sglclsgpt @mllnmucatmn spee thus increase pattern
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 2 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, illumination



readj ustment speed in real tinme. [0045] In sone enbodinents, when SLM 104
or electrical devices in the <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 nmay 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 replaced, only an overall alignnent is needed before
resum ng fabrication. Gayscaling Using Tine Mdulation [0046] For nost

| it hography applications, it is desi+ldble to control, for exanple, a
position or width of a printed Iine. An effective nmethod of controlling
these patterns and increasing resolution is by having as many grayscale

| evel s as possiuded 02 @07y a Beer (giphomoh It siep 6021 Bghs ifogy itilweingtiay scal e on an

obj ect is nodyl ati;pg.. .Lhe . Hﬁl?f | duting. which.th bj ect is exposed

to i ncom ng I#b F}agﬁé%mﬁ%h%g%% é%@ﬁgﬁP%)“%ﬁﬁﬁ%ﬁ%@aﬁﬁiﬁﬁ of the present

i nvent i orf0048] whi cIBtéphid4 cdmpades cdmngihg the desfiasferge pulse witkth) lofitéder I n thi s

enbodi nent, i ' Lon -11- source 102 includes a.l.aser (not shown). In

step 602, |ig#4lééfrﬁr°§ﬁ%t“?rafedﬁ%’%‘%1ﬂ"@ 5 G 40 15 MG HE TR 8%y SLM 104 to

forma first pokpaatel o oljtipiet padiR] b4 8]d Bk eplatGRdenpthapsd these changi ng t he
he | aser in

duration (e.q, | wi_di h f,a,l aser ul.se from

i || uni nation %%?Jdr%gtée%%ﬁﬂr.e ch%grgelg’r% %{Jﬁ%@f‘ OW’QPH%G Wlélsagﬁp ‘%‘%‘% "%‘Elsepar ated into

mul ti pl e par abd elhvidweammne dading edinay akillvie the mgtils aaf othee secthodar al | el beans

are changed, joh of fhe nulse wll also change. .lt . will be
AR Lol b el S Mo B0 ARG MUY et P

obvijous to one
ndpﬁally usedemdmhange the duration of a laser pulse can also be used in
this enii)(ﬂﬂb]ment " In step 606, light from illumination source 102, this time with a

different pulse width, is transmitted by SLM 104 to form a second pattern on

~]

object 102. The second pattemn overlaps the first pattern. The overlapping
pattern creates grayscale. '

[0050] Step 608 comprises repeating step 606 until the desired grayscale level
is achieved. Each time step 606 is repeated, 2 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.
[0653] 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



[0049] In step 606, light fromillum nation source 102, this time with a
different pulse width, is transmtted by SLM 104 to forma second pattern
on object 102. The second pattern overlaps the first pattern. The
overlapping 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.

Conbi nati on of grayscales fromdifferent exposures gives additional
grayscal es. [0051] 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 w tHt2l-ight fromillum nation 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
conpri ses creatprasents ewvehgngoimg vahdoeiresentifigities fot! timbbBomdsclry Yswi t ching a

portion of pixel 2 of M 104 from Q hei r stat hei r
secondary st af®® ig[ﬁ)ﬁe%rfseflﬁlaﬂﬁc %ﬁgﬁo%'y%{g?zggﬁroﬁmgf Wﬁoﬁrﬁgg secondary -
state of a picektiveaya giventide.f Asmaeant towesd/thatal ramberd{ of pikels Y2iach t he pi xel

sends a different .fraction of the incident Light t he .exposure area.
Al'ternati vel y *4fe FOrBRRNCI S Ao &8 qagh\m?c@ﬂéafg%atﬁf’g@f PEElF Plies may be its
OFF state, WhEFE stalee Onpiok eiill melnckst widl rédogrize thal otheestaesosreaisal ea. Step 706
is furthe scrihed i FI G, 10 ich-is.a timn I agram of an exanpl e
step 7086. 09@9 Xis ?%6'20{1%3-‘”&?’é‘HP‘ég;hetﬁ??aFﬂ%tr%%&t?% %?ﬁﬂp%@%? ?II representing
the total tinpixelk 30N8wikchthedOFRXiafes. 1 DiMerb8Ih@ReRAll, dflePtime Py of pixels
302 of, for exanple, SLM 104 that are active at a given tinme. Assune at

time}0 that a(inddirirelawegmingind@eis adiys shies- bten getimedi-okimpaoondi ty, al so
assurre that t BGyseaaiddlek fbalicPlo @it OPF %Gles. Thud Memeddilly Shat e One of
skill in the art wll ‘recognize that other states nmaybe uSed.

time (t-ot), ((N-A)-B) pixels remain in their active states. Finaily, 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 fiwther 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. Contfrol 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. .



[0054] Part of the way through the scan, at tinme (t-$3), a first portion A
of pixels 302 switch to their OFF states. Therefore, imedi ately after
time (t-(3), (NA) pixels remain in their active states. Later, at tine
(t-a), a second portion B of pixels 302 switch to their OFF states. Thus,
I medi ately after tinme (t-a), ((NNA)-B) pixels remain in their active
states. Finally, when the end of the scan is reached at tine t, the
remaining ((N-A)-B) pixels switch to their OFF states, |eaving no pixels
remaining in the active state. Gayscaling Using Power Mdul ati on [ 0055]
FIG 8 represents nethod 800, a third enbodi nent of the present invention.
In nethod 800, grayscaling is producgd-by nodul ating the power in each
exposure. Method 800 is further supplenented by FIG 11, a block diagram
representing one enbodi ment of projection optics 110. In this enbodinent,

proj ecti qoosspt i cs I kpi 30a| teefiteredflight expodetWbjeandlp@ddprbdwenal figpt i cs  1104.
One of skill |n t he %rt mAII recogni ze that additional optics 1104 may be
pl aced in Ilgﬂﬁ PRS0 2hef ore, after, or on both sides of filter 1102.

In addi t{pes9] in fidkich 806, andREbnsE tEmsmibdibd SiueldQlterd02l3e cithgeed anywhere in

the optical ath out si de o ectjon opt 110. 0056 | n enbodi nment
represent ed i B Er@rample, c tg]@%Fthgﬁﬁ?F%%gﬁqdlﬁ%V‘éFﬁﬁ dinfsgfifYde a control

system 1108 f@ﬁmﬁ@ﬁbﬁoﬂﬁdng, anong other things, an intensity transm ssion

value of filter 1102. ntrol s steq11 may be either manual or
el ect r onil®® ibntr tep 808 campHses 8YeFaRP %ﬁ%ﬁ%BawaW“%iﬁﬁﬁﬂ%PM%W%mntch [ 0057]

~I'n nmethod 800prodiced b§ORehe GaringS MfoupR SHicA T 102 GHith fhe A@vdokl Wizheigt i on  source
102 through filter 1102 to create filtered light. Filter 1102 has a first
intensity traﬁ@ﬁ?@@?%H%W%lJ§@°“%%°Jﬁﬁd§éfwﬂha§ﬁ@ﬁ d gatkern hAENZ 2 { er ed | i ght
exposes obj ecdiffdrdnt ihtonsity Gt e frsf paktern crdafth lofiystale Sk 806 arkilddg [ 0059] I n
Step 806, the N S seatel td O ks Sudber b P ragscsls lovels on wbjest 112, S changed
[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 Ieast 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 SEM assembly 500.
[0062] In method 900, step 902 comprises splitting a light beam from
ilumination source 102 into more than one beam segments. The beam
segments will 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.
[6064] 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,




by, for exanple, control system 1108, so that filter 1102 has a second
intensity transm ssion value. [0060] Step 808 conprises overl apping the
first pattern with a second pattern produced by |ight passing through
filter 1102 with the second intensity transm ssion value. 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

t he nunber of grayscale |levels on object 112. [0061] FIG 9 represents

met hod 900, a fourth enbodi mrent 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 supplefdgnted by FIG 12, a block diagram
conprising elenents in a system 1200 that may be used by nethod 900.
Syst em 1200 conprises, anong other elenents, illunmination source 102, a
beam spl i[¢d6sy 120 Finaflysiatstepf08,ithd miividh@I0bam Skdvhentssexpodal opjeb0N2 and obj ect

112. Set of filters,1204 may inRclu filJ]ters A r esent by ellipsis
in set of fi I’Pélpé)vi%ﬂl.ngﬁaﬁ%{qrag}%? g@rf:ﬁpgg%gﬁlc?]%ﬁeﬁ%ﬂ eﬁﬂ’c'%ﬂde at | east
t he same nunbhe badm Sigvienta dyticindividia rSIMs AiN,tsems patteprs mexeppdee, if there
are Nfilters_n of filters 1204, there al be N SLMs in SLM
assenbl y 500.‘@%2% Wllth arr‘ii':f?fﬁla l%}ty&a&pﬁ%?gg%%r?@t%?%ﬂﬁﬁet ing a light
beam from i |duidple phiteoms wioLdifi@ent QilensifitOcremesdeviehaf gapealbeanbpsagnment s. The
beam segnent mjtﬁ be ref?rredé%q af beaglsqgne tﬁHA-N.. 0063] In step
904, beam segh@nt SRR oF gravsealg leyrls Mgy, b8 AP BEKPUINE* %8 fPers AN in set
of filters 12tnbefsiolf trdividufiHarrochdicats and diviioweSLMsuse@ach of  correspondi ng
beam segnents A-N. After beam segnents AN pass through filters A-N, nethod
900 proceeds to step 906. [0064] In step 906, beam segnents A-N illum nate

correspondi ngviSL MCofelbsioh N SLM assenbly 500. |Individual SLMs A-N in SLM

assembl y 0f then LA Lhestdh W AHa! pReam AR ki st 0 obl ect 112

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,



-14- 10065] Finally, in step 908, the individual beam segnents expose
object 112 in an overlapping 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 nultiple pgiterns 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
i ndi vi dualCISMMS used. VII. Conclusion [0066] Wile various enbodi nents of

t he present invention have been described above, it shoul d be understood
that they have been presented by way of exanple only, and not limtation.
It will bel appedteed, comppielngens skilled in the relevant art that various
changes in formand detail can be nade therein w thout departing fromthe
spirit andalegprg affirstight keamtwitha spatidl lioghhmoguiader (FLMnthestldddayingt he
present iryﬁg};&jr% aqul.d not be limted by any of the above- described
exenplary e odl ment's, but should be defined only in accordance wth the
f ol | owi ng axbasing agpattiomefl e subairstel with the pAtterGditeblight eame tdpebducempri si ng:

patternin ' i gh eamw th a spatial |ight nodul ator (SLM, the SLM
havi ng a%ﬁlﬁﬁﬁ{aﬁgri?[rﬂf %%SB? elagc,1 exposing a portion of a substrate with the

pat t er ned riodwdting gitexpesure tttn® oo diks substraiattb rodwse hhange s igrafsealeand
nodul at i n? an exposure tjinme of the substrate to produce a range of
grayscal e IeY&S/@D $epibshaiesubst rate, wherein the nodul ating step conpri ses

swi t chi ng whaPSihtthemBlulbfity Rié @birpfisef swickiRlSa Porfidte oPlthé thurdliyesmat e
states earlier than other pixels 1n the SLM
pixels of the SLM to alternate states earlier than other pixels in the SLM.

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

varying a pulse width of the light beam.

3. The method of claim 2, further comprising:

overlapping the patterned first light beam with a second light beam
patterned with the SLM to produce an overlapping exposure patterned beam,
such that the overlapping exposure patterned beam creates a different range of
grayscale levels on the substrate,
wherein a pulse width of the second light beam differs from a pulse width of the

first radiation beam.

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, 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 the substrate by that pixel at a particular gray level, and the OFF state

corresponds to transmitting no light to the substrate by that pixel.
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2. The nethod of claim1l1l, wherein said nodulating step further conprises
varying a pulse wdth of the |ight beam 3. The nethod of claim2, further
conprising: overlapping the patterned first |light beamw th a second |ight
beam patterned with the SLMto produce an overl appi ng exposure patterned
beam such that the overlapping exposyye patterned beam creates a
different range of grayscale levels on the substrate, wherein a pul se

wi dth of the second light beamdiffers froma pulse width of the first
radi ati on beam 4. The nethod of claim 3, wherein said overlapping step is

repeated until a desired nunmber of grayscale levels is achieved. 5. The
met hod of &I dhghmethed of gaimch ferthey sRiNPEING FeMpansptieg Jos smgadpre f the

swi tching theplurality of pixels between active states or fromone active
state to 'an OFF state, wherein an active state of a pixel corresponds to
transmtting light to the substrate by that pixel at a particul ar gray

| evel , and,t st .. corresponds to transmtting no light to the
substr at ed]byﬂt?@l%g%icfgfp%si@'w 6. The nethod of claim1, further

conpri si ngpaseimpenkigitibegn hiroughenvaniaplofiltdrz a firet ihtongity Fangmissiohodjue

conprising: passing a_.light heamthrough a variable filter at a first
i nt ensi ty%Ptcg‘?r?é?r?srg?”@Hor\‘/ ?ﬁr@%"‘l"ﬁ‘gc"i‘ 'Eﬂgo‘é(e'i’adi ati on beam having a first

power ; exréa(?baagaa Oftioh QT LEUBIRHO ] M Bgfithddne td ipedtiucBen Phii@mpsotice a
pattern on the “substrate; and nodul ating the power of -the Iight beamto

produce a uiAljeiepangr ayscale levels on the substrate. 8. The method of
claim?7, frHMd?&tfngCtﬂ%dmﬁ-:lr%gihe light beam to produce a range of grayscale ievels on

the substrate.

8. The method of claim 7, further comprising:

overlapping the pattern with a light beam having a second power to produce an
overlapping exposure, wherein the second power differs from the first power, and
wherein the overlapping exposure creates a different range of grayscale levels

on the substrate.

9. The method of claim 8, wherein the overlapping step is repeated until a

desired number of grayscale levels is achieved.

10. The method of claim 8, wherein said overlapping step comprises:

splitting the light beam into more than one beam;

passing each beam through a filter with a constant intensity transmission value;
patterning each beam using respective spatial light modulators (SLM) before
projecting the patterned beams to the substrate; and

overlapping images from each respective patterned beam based on each

respective SLM on the substrate.

11. A maskless lithography system comprising:

an illumination source configured to produce a light beam;
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overl apping the pattern wth a |ight beam having a second power to produce
an overl appi ng exposure, wherein the second power differs fromthe first
power, and wherein the overlapping exposure creates a different range of
grayscale levels on the substrate. 9. The nethod of claim8, wherein the
overlapping step is repeated until a gesired nunber of grayscale levels is
achi eved. 10. The nethod of claim@8, wherein said overlapping step
conprises: splitting the light beaminto nore than one beam passing each
beam t hr oughpatia lightehowdlator ASCRIPSbafured t@ paitén thedightb&sh owhe@inithe
patterning each beam ysing respective spatial |ight nodulators (SLM before
proj ectin Hﬂémﬁéﬂﬂ@ﬁﬂﬁﬂﬁgﬁﬁﬁﬁ to the substrate; and overl appi ng i mages
from each i i i iahf BShRCctive SLM on the
substrateﬁi§&€%£Bg¥gggﬁf%ﬁgﬁﬁﬁ?ﬁgg&ggﬁﬁﬁgygggﬁﬁggﬁggisinb: an illumnation
sour ce cord ¢@niroddr;eodpr oduce a |ight beamy 16 17 a spatial |ight

modul at or ( ra?e"&{r{f%HFe%"totb% 8&%&8&8 rtl%eiriéﬂt%%%rrpeam wherein the SLM has
a plurality”or pixéersy a projection syste confidured to project the

pat t er ned whegbih theacantroflec antaordiguesd tandryaas wxpbswmeetimendfitgepattetreedbe

exposed by the |ight lggs? erejn.the controller is configured to vary an

exposur e 1588 8 PiRes rtgléer m&W*@m 6%?‘%31?&9 °§8b%f':v’§tﬁ'xﬁl>§ 'Qv&!]!'?cglrwgtoat | east
one of theyRineRé Stdtdt EdferTthlth biher dhlchd Nahe sivpt es earlier than other pixels
in the SLM 12. The nmaskless |ithography systemof claim1ll, wherein said

spatial light nodulator varies the duration of tine by varying a pul se

w dth of a5 asgl hixahbss SMHSFEHRPLYEER SHERRRSHYLWRERAS Wak spatial light

modulator varies the duration of time by varying a pulse width of a laser light

source between successive exposures.

13. The maskiess lithography system of claim 11,
wherein an active state of a pixel corresponds to transmitting light to said
substrate by that pixel at a particular gray level, and an OFF state corresponds to

transmitting no light to said substrate by that pixel.

14. A maskless lithography system comprising:

an illumination source that outputs a Iight beam;

a beamsplitter, that splits the light beam into a plurality of beams;

a plurality of filters, each filter corresponding to one of the plurality of beams and
having a constant intensity fransmission value; and 7

a plurality of spatial light modulators (SLMs), each SLM corresponding to one of
the plurality of beams,

wherein each one of the plurality of beams passes through the corresponding
filter and illuminates the corresponding SLM array, so that patterns produced by

the plurality of SLMs are overlapped on the substrate.

15. The system of claim 14, further comprising:
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13. The maskl ess |ithography systemof claim 11, wherein an active state of
a pixel corresponds to transmtting light to said substrate by that pixel
at a particular gray level, and an OFF state corresponds to transmtting
no light to said substrate by that pixel. 14. A nmaskless |ithography system
conprising: an illumnation source thgg outputs a |ight beam a
beansplitter, that splits the light beaminto a plurality of beans; a
plurality of filters, each filter corresponding to one of the plurality of
beans and a bentrdl @ysteaofus icantrolling eash puttémagehiersted Gp eagh W theaplralitpblral i ty
of spatial_light nodul ators (SLMs), each SLM corresponding to one of the
pIurMit)/§#M%eanB, wherein each one of the plurality of beans passes
through the corresponding filter and illum nates the correspondi ng SLM
array, so that patterns produced by the plurality of SLMs are overl apped
on the subk rAanethadior predusing erayedale ined Hthegraphigranperatesrgamising: 17 18 a

control sy for. cont I - ad I
plurality p%:?t%ﬁg{lgﬁ’/g_ ﬁg%@.He%Hmwﬂﬂoﬁgﬁ%}a?glbhgh&d%%g{’/js(@a?%e %ﬁﬁghﬁylp hgégr aphi c
appar at us,plurafifgraf pixels; patterning a light beamw th a' spatial Iight _
Tl 2o Bk e A bR Pl Poui o e B 0 1"
subst r at e;patlefiibatid€ibdtrafposure time of the substrate to produce a first

range of grayscale levels on the substrate by switching a portion of the
pl ural i ty repdiating an expesvee dinet of e auhatrates toamsaduss: & &rstt Fageother

pi xel s in | B8 of S biPSRYSF PiRiduce a
becond Ta r%%s%g Iéé’l‘reggiggoaﬂ\%%&}s&ra% b SwRBNRE Phort bR oF Pi
of the SLM to alternate states earlier than other pixels in the SLM; and
modulating the power of the light beam to produce a second range of grayscale

levels on the substrate.

17. The method of claim 16, wherein modulating an exposure time of the
substrate comprises:
varying the pulse width of the light beam between exposures to produce

overlapping exposures

18. The method of claim 16, wherein modulating the power of the light beam
comprises at least one of the group consisting of:

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.

19. A maskless lithography system, comprising:

an illumination source configured to produce light beams;
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| evel s on the substrate. 17. The nethod of claim 16, wherein nodul ati ng an
exposure tine of the substrate conprises: varying the pulse width of the

| i ght beam bet ween exposures to produce overlapping exposures 18. The

met hod of claim 16, wherein nodul ating the power of the |ight beam
conprises at |east one of the group coftsisting of: varying the power of the
| i ght beam bet ween exposures to produce overl apping exposures; changi ng an
intensity transm ssion value of a filter through which the Iight beam
passes to pr odmcwriabmf fidgpeardigargebuctesigeantinalty eansmpissidn vduéshbasedght beam
into a pl urallt Li ght beans, passing each beamthrough its own filter
with a cor@l%Fﬁ y transnission value. 19. A maskless |ithography
system conpri %‘d&ﬂltroﬁé\' ghyum nation source configured to produce |ight
beams; 18 19 a variable filter configured to change intensity

transni ssi on val s¥bstrateseanfiguieddo becdpesed by iedlight Readist rol 1 er; and a
substrate W
controll er‘ﬁr?és}gil(rz]glﬁ f‘%ﬂﬁ‘gh&% gglﬁ"aégte%trhg&ﬁ"% egﬂrf%l Py gﬁyto e F%Iﬂt F%gqasms by

sendi ng a tgi spmdingt @ sighel toathe abliableifilteeto ¢crmngkamtgesityntramsnisyion heatvesrnssi on
bet ween osur es 20. The maskl ess |ithography system of claim19,
further (ﬁ’r’% PPYPiy between the illumination source and the substrate: a
spatial |ight nodulator (SLM, wherein the SLM has a plurality of pixels,
and

20. The maskless lithography system of claim 19, further comprising between

the illumination source and the substrate:

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 the

substrate by the pixel at a particular gray level, and an OFF state corresponds to

transmitting no light to the substrate by the pixel.

21. The maskless lithography system of claim 20, wherein the SLM is a digital

micromirror device.

22. The maskless lithography system of claim 20, wherein the SLM is a liquid
crystal display.

23. The maskless lithography system of claim 19, wherein the substrate is a

semiconductor wafer.

24. In a maskless lithography system having a spatial light modulator (SLM), a
method of producing gray-scale on an substrate, the method comprising:

passing a light beam through a variable filter at a first intensity
transmission value fo create a light beam having a first power;

exposing the substrate with the light beam having the first power to

produce a first pattern;
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wherein an active state of a pixel corresponds to transmtting light to the
substrate by the pixel at a particular gray |level, and an OFF state
corresponds to transmitting no light to the substrate by the pixel. 21.
The maskl ess |ithography system of claim 20, wherein the SLMis a digital

m cromrror device. 22. The maskl ess c?Ot hogr aphy system of cl ai m 20,

wherein the SLMis a liquid crystal display. 23. The naskl ess Iithography
system of claim 19, wherein the substrate is a sem conductor wafer. 24. In

a maskl ess | it pagsiaghy l@mtt@@mmmbngh ahs padriable tﬂltguhtat rodgtaidinteSity) , a
met hod of F)r oduci, ng}ﬁq -scale gn an substrate nmet hod conpri si ng:
passing a trangRYS AN ‘bﬁ@ﬁteaat}%mlt%ﬁﬂ"é aying @rsegtan PPVES@Nfnt ensi ty

transm ssion V%L(P@s.ﬁg 166 8bStrdte! Wit thd 8§ Béith hvind tHeSbe@MCEowEROST NY
the substrate w i ght beam having the first ‘power to produce a

first pattpgeduceldse@ndmad®itg a | i ght beam through the variable filter at a

pover ;. and EIRBLY R SRRy (RleHipt Anf S, Fafkem, B oREAR A HGB8 G 000

power to ¢paydaizcencls@adhd spigdttaten, wherein the second pattern overl aps the
first pattern and creates a range of grayscale |levels on the substrate.
25. The method of claim24, further conprising: passing a |ight beam

through t g viard metrRdldficiih 2t fgtdir cb@ipRsingt ntensity transm ssion val ue
fromthe first or second intensity transm Ssion values to create a l'i ght

beam havi ng a @Bs$iBg ehlighbheam Hweuak Hissivagaklrefitaibat a difergnt itep’ity | ght
beam havi ngna, M5 EIA08 +BMRE fr& or second intensity transmission values to create
a light beam having a different power; and
exposing the substrate with the light beam having a different power to
produce an additional pattern,

wherein the additional pattern overiaps the first pattern and the second pattern.

26. The method of claim 25, further comprising:

repeating the steps of passing a light beam through the variable filter at a
different intensity transmission value and exposing the substrate with the light
beam having a different power untif a desired number of grayscale levels is

achieved.
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produce an additional pattern, wherein the additional pattern overlaps the
first pattern and the second pattern. 26. The nethod of claim25, further
conprising: repeating the steps of passing a |ight beamthrough the
variable filter at a different intensity transm ssion value and exposing
the substrate with the Iight beamhaving a different power until a desired
nunber of grayscale levels is achieved. 20 -21- USING Tl ME AND/ OR PONER
MODULATI ON TO ACHI EVE GRAY SCALI NG I N OPTI CAL MASKLESS LI THOGRAPHY
ABSTRACT OF THE DI SCLOSURE I n |ithography applications, it is desirable to
control, for exanple, a position or_wdth of a printed line. An effective
nmet hod of controlling these patterns and their resolution is by having as
many grayscale |levels as possible. The present invention conprises methods

of grayscaling phpIETIMERS /AR POWERHIODNS, AIERI Scliid i GRE&Keases the

nunber of grayscal e IsewaIGIN cPTICkL RelskERS 1#AbGRAPIy he present
i nvention conprises nethods of grayscaling wherein nodul ating the power of

an exposure beam provi des %ﬁg&kABQ?h?fﬂﬁ?ﬁ%did% | evel s. Figure 6.

In 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 their resolution is by having as many grayscale levels as possible.
The present invention comprises methods of grayscaling wherein modulation
of the exposure time increases the number of grayscale levels on an object. In
addition, the present invention comprises methods of grayscaling wherein
modulating the power of an exposure beam provides additional grayscale

levels.

Figure 6.



