wo 2012/021498 A2 I 10K 000 OO

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(10) International Publication Number

WO 2012/021498 A2

(19) World Intellectual Property Organization /’@?‘?’3\
International Bureau v{ 0
al
(43) International Publication Date \'{_5___,/
16 February 2012 (16.02.2012) PCT
(51) International Patent Classification: 74)
HOIL 21/027 (2006.01)
(21) International Application Number:
PCT/US2011/047054 (81)
(22) International Filing Date:
9 August 2011 (09.08.2011)
(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:
61/371,890 9 August 2010 (09.08.2010) UsS
61/383,580 16 September 2010 (16.09.2010) UsS
61/446,707 25 February 2011 (25.02.2011) UsS
(71) Applicant (for all designated States except US): VIR-
GINIA TECH INTELLECTUAL PROPERTIES, $4)
INC. [US/US]; 2200 Kraft Drive, Suite 1050, Blacks-
burg, VA 24060 (US).
(72) Inventors; and
(75) Inventors/Applicants (for US ornly): NDOYE, Coumba

[SN/US]; 304 Hunt Club Road, Apt. 4600-d, Blacksburg,
VA 24060 (US). ORLOWSKI, Marius [US/US]; 124
Old Farm Road, Pembroke, VA 24136 (US).

Agents: CHRISTOFFERSON, Clyde, R. et al;
Whitham, Curtis, Christofferson & Cook, P.C., 11491
Sunset Hills Road, Suite 340, Reston, VA 20190 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
NO, NZ, OM, PE, PG, PH, PL, PT, QA, RO, RS, RU,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG,
ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, ML, MR, NE, SN, TD, TG).

[Continued on next page]

(54) Title: MULTIPLE EXPOSURE WITH IMAGE REVERSAL IN A SINGLE PHOTORESIST LAYER

ke

xpased Tetfo
fne only

(57) Abstract: Multiple patterned exposures of a
single layer of image reversal resist prior to and fol-
lowing image reversal processing, upon develop-
ment, respond to the respective exposures as either a
positive or a negative resist, allowing a desired
shape of a resist structure to be built up from any of
a number of combinations of primitive masks. Ex-
ploiting the image reversal resist in this manner al-
lows several types of diffraction distortion to be en-
tirely avoided and for many sophisticated litho-
graphic processes to he reduced in complexity by
one-half or more while any desired resist structure
shape can be formed form a limited number of prim-
itive mask patterns. A regimen, which may be auto-
mated as an executable algorithm for a computer
may be followed to evaluate different combinations
of masks which are valid to produce a desired resist
structure shape and select the optimum mask pattern
combination to do so.



WO 2012/021498 A2 I 0000 VA OO A A

Published:

—  without international search report and to be republished
upon receipt of that report (Rule 48.2(g))



WO 2012/021498 PCT/US2011/047054

MULTIPLE EXPOSURE WITH IMAGE REVERSAL
IN A SINGLE PHOTORESIST LAYER

DESCRIPTION
FIELD OF THE INVENTION

The present invention generally relates to lthographic processes and,
move particulardy, o high resolution, high fdelity Hthographic processss for

semieonductor device mannfacture of seduced cost.
BACKGROUND OF THE INVENTION

The demand for higher operating speeds and increased fanctionality of
serconductor integrated circuit devices have driven desigus 1o extrome
integration denstties and extremely small roinininm feature sives near the
limits of Nithographic mask Image resolution, prinx‘si}:saily due o diffraction
distortion effects, and the capability of Hihographic processes to produce
structures with adequate shape fidelity to the litho grapi-m: Tesist exposure o
avord significant ehig-to-chip variation in glectrical characteristios or
reliahility. Smaller electronic element (e.g, transistors) sixe and increased
proximity allows higher circuit density and often requires oparation gt reduced
voltages and currents which reduces power consumption and allows more
devives to be fabricated on a single chip of given dimensions and ithographic
process costs while increased proximity of electrical elements reduces signal
propagation time and reduces susceptibility to noise.

This same demand has vecessitated the development of numerous
sophistivated ithographic exposure processes in order to extend the Himits af
Hthographic resolution and shape fidelity of lithographic processes. For
example, lithographic resists have besn developed which can be exposed by
energy of very short wavelengths such a8 ultra-violet Hght, Xorave and elsciron
beam exposures in order to inorease resolution, So-valled phase shift masks
have also been developad to provide & degree of control over diffraction

distortion effects, Masks having “pre~corrected” shapes have also been
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developed to more acourately produce mtended shipes at sizes where
diffraction distortion effects ovenr and are reforred to as optical proximily
correction (OPC) masks, Additionally, several technigues have bean
developed for multiple exposures of one or more resists, sometinmes in
conjusetion with & so-called hand mask, that have schieved some degree of
suceess i mproving lithographic exposure resolution andéor fidelity bat
which do so at the expense or increased process complexity and cost;
stgniftcantly for the design and preparation of multiple muasks for the
respentive exposures. Further, each of the muliiple sxposures is subject to
registration or “pverlay” crrors which can compromise manufacturing viekd,
lirage reversal resisis are also known and provide some degree of
mnprovement i image fidelity. Essentially, image reversal resists cause
initially exposed arcas soluble and subject to development dn themanner of a
normal positive resist. However, i the exposed resist is thon baked instead of
being developed, the inittally exposed arcas become substantially inert due o
cross-hnking that occurs during the baking process while leaving unexposed
areas unaffected. I the resist is exposed again with s wopatierned, so-called
“flood” exposure, the inttislly unexposed areas become soluble and can be
developed and removed tn the normal masansr with a suttable develaper;
lesving the inttially exposed arcas of the resist, which have beoen rendersd ingrt
by the baking process, i place; a result similar fo the use of a negative resist
hat with improved properties of resistance to many Hthographic processes and

thus capable of producing improved shape fidelity of the structures formed by

thoss lithographic processes. Known commerefally available image reversal
resists inelude AZ S214E, TU3SE, TY 35BS, 1 Plating, T xLift, TI Spray and

AL pLot 2070, all of which dre available from Clariant AZ Blectronic

Materials Corp.
SUMMARY OF THE INVENTION

it 1s therefore an object of the present invention to provide » technigue
for using muliiple exposures of 3 single laver of inage reversal resist which
provides increased resolution and shape fidality as well s mitigation of

diffraction distortion while providing reduced process complexity and reduced
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cost, gven in cases where no increase in tnvage fidelity is needed, and
substantially avoiding a need for optival proximity correction {OPC)

H iz another object of the invention to provide a Hthographic technigue
allowing comples shapes to he crested using a reduced mumber of masks,

it iw a further object of the invention to provide a techmigue of mask
design decomposiion to provide optimal exposure resolution and shape
fidelity while auitigating diffraction distortion effects and minimizing the
required number of primitive masks for producing sn srbiteary lthographic
PRPOSUTE.

I order o acconplish these and oiher objects of the invention, a
lithographic process is provided comprising steps of applving an image
reversal resist o & surface, performing a fivst paiterned exposure 1o expose a
selected arca of the image reversal resist nsing a first mask, performing image
reversal processing of the image reversal resist, performing a second patierned
exposure to expose another selected area of sald image roversal resist using a
second mask sabsequent to the image reversal processing, and developing the
g reversal resist,

I accordance with avother aspect of the mvention, & method of
selecting an aptimal combination of masks for producing a desired resist
struciure shape is provided comprsing steps of determining 8 combination of
mask patterns which is valid, in combination, to produce & desired resist
structure shape, connting corners in each of the mask patterns of & valid
combination of mask patierns 1o produce the desived resist structire shape,
combining numbers of comers counted In cach mask of the combination
derive a figure of merit, and selecting a combination of mask patterns having a
nuntmun value of the figure of menit.

In accordance with a Ruther aspect of the fnvention, a strochurs i
provided including a sabstrate of layer of material having & surface, a layer of
inage reversal resist having bean exposed by a patterned exposure in selected
areas and subjected to image reversal processtag and another patiemed
exposure such that the selected areas of the layer of image reversal resist
exposed by the patierned exposure, upon developiment, respond (o the
patterned exposure as a negative resist and areas of the layer of image reversal

esist not exposed by another patterned cxposure, tpon development, rospond
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to that pattemed exposure as g positive resist.
BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objorts, aspects and advantages will be hetter
understoad from the following detailed deseription of a preferred embodiment
of the ventton with reference o the drawings, in whichs

Figure 1 1 a sequence of cross-sectional views of a substrate covered
by a resist Hustrating a koown mothod of using Image reversal resists,

Figure 219 a sequence of plan views of mask patierns and
comesponding resist exposure patterns in accordance with the basic principles
and practice of the venting,

Figures 3,4, §, 6 and 7 wee illustrative examples of use of teo masks in
different ways deve:}op pm‘t_muie:n exemplary resist paliorn struchures,

Figure § Hostrates & gencralization of the basic pringiples of the
invention through use of 'at{mz.;;a{.’ssiw masks formed of combinations of
privuitive masks,

Figures 9, 10, 11, 12and 13 are a sequence of plan views of an image
reversal restst Hlustrative of & vartant @mbmd‘m‘;ﬁm of the nvention,

Figures 14, 15 and 16 tllusirste the ¢f

\

Hectiveness of the invention to
greatly reduce several prevalent types of diwtmwm produced by kuown
ithographic techmgues,

Figures 17, 18, 19 and 20 tHustrate ase of the invention 1o form g
variety of gxemplary senticonductor devive siructures,

Figores 21, 33 and 23 illusteate an image decomposition phase of g
perfecting foature of the fnvention o choose the optimal primitive masks {6
produce an optimal patterned resist structure for a given application,

Figure 34 illustrates detection of valid combinations of masks in a

selection phase of the parfﬁac‘tmg feature of the invention,

Figures 25, 26 and 27 Hustrate tabndation of valid mask combinations
detected in the mamner depicted in Figure 24,

Figures 28 and 29 illustrate a preferred method of cormer counting as
part of the seleciion phase of the perfecting featire, and

Figures 30 and 31 gs well as Figure 23 iHlustraie seloction based on a
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figure ofmerit and selection between mask combinations vielding squal

figures of merit.

DETAILED DESCRIPTION (OF A PREFERRED
EMBODIMENT OF THE INVENTION

Referring now to the drawings, and more particularly to Figare 1, there
15 shown & sequence of cross-sectional views of a subsirate covered by a resist
and Hlustrating a koown method of using image reversal photoresists (PRs), It
should be understood that known image reversal pholoresists (PRY are
generally sengitive fo Ultra-violet and short wavelength visible light but other
naterials possibly usable as image reversal resists that can be exposed by
shorter wavelengihs and other forms of energy {e.g. deep ultraviolet lght, X-
rays, clectron beams and the like) are known and are foresesable. Some such
malerials may not be identified as tmage reversal rosists but may include a
baking step or some intermediate development step that selectively alters
energy sensitivity based on & prioy exposure in a specified suitalle
development process and are thus likely fo function 38 an irags reversal
resist. Thorefore, the torm “resist™ will be used hereinafter to be inclusive of
not ealy photoresists but all nuaterials which can be ditferentiglly developed
depending wpon whether or not particnlar areas thereof have been exposed to a
particular foray of energy. The abbreviation “PR™ as may be used hereinafter
and i the drawings shoukd also be undersiood as being inclusive of all
materials refored {0 by the term “restst™ and wre not Timited to photoresists as
the abbreviation might otherwise imply, Also, as a matter of convenisnse 1t
terminology, tems like “exposed arca” and “roask pattern” or the like refers to
arcas of a resist which i exposed by a given lthographic patterned exposare
stnee the ares where exposure i3 effective 1o canse differamtial development
may not previsely correspond 0 a patterny in a mask {either due to the commnn
prachice of demagnification of a pattern formed i 2 mask or alteration of the
nrask from the desived final lithographic patfern W correct for optical
prosimity sifects or the like) but should be undsrstood as apphicable fo an
unexpostd area tn regard to an apposite type of resist.

As is well-koown in the ard, conventional resists may be of sither
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positive or nogative type. With positive type resists, the exposed area
becomes seluble and is removed during development. Unexposed areas of a
positive resist are unaffected by development olher than nsually being
vendered nsensitive to further exposure. Conversely, with negative type
resists the unexposed portion becomes soluble and i3 removed during
development. Bxposed areas of a negative rosist are genem}h.f unatiectad by
development. That is, positive and negative resists exhibit opposite and
somplementary behaviors in rogard v exposuore to energy. However, since
exposure dose is cwmnulabive, some difforences m resulting patterns nuy be
observed due to variation i exposurs dose resulting frows diffraction effects,
phase shifl masks or the ke which may favor use of either a posttive or
negative resist in & particular application. Thas, conventional single exposure
Hithography forms a patiern generally in accordance with a pattorn formed ina
mask used during the single exposure and the accuracy thereof will be
determined by the resolution of the exposure svstom.

A alluded {0 above, several multiple exposure lithographic techiugues
have been developed to extend the capabilities of conventional, resolution-
fimited single exposure techmgues. A first of these technigaes is double
gxposare lithography (DEL) which nvolves the exposure of g single layer of
posiiive ov negative resist with two or more exposures through shightly
differing masks such that diffraction effects due o each rospective mask cause
aparticularly sharp gradient st the intended edge of o feature 1o be formed in
the resist image due o the cumulative nature of the resist exposurs. In other
words, the diffraction effecis, where the imerference pattern due o diffraction
at the edges of the mask cause peaks and valleys {diminishing in magnitude
with distance fromn the edge of the miended feature) in exposure encrgy flux
bevend the edges of the intended featnre s}iap& The use of {partial) exposure
with fwo or more shightly differing masks (e.g. with differing feature sizes
andfor using phase shift structures and the ﬂu.} cay he designed such that the
larger poaks i oxposure energy fux from one exposure generally coincide
with valleys i exposure flux from another exposwrs to a distance from the
intended feature edges whisre exposure snergy flux will be ineffsctive fo cause

P

exposure of the resist, Thus DEL allows potentially tmproved fidelity of resist

patterning beyond the timits of resolalion of conventional single exposure
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lithagraphy. However, such an improvement is, itself, limited by the degres of
nen-lingar response to exposure dose which is exhibited by the resist
emploved and resist materials exhibiling s snfficiently non-linear responss to
exposure dose to obiain more than g slight improvement in shape fidelity are
relatively expensive, This technique i3 noi required by the nvention but may
be potentially used together with the tnvention to finthet marginally improve
shape fidehity at very small feature sizes which is enhanced by the fnvention as
will be disonssed i greater detail below,

Another multiple exposure Hthographic technigue is referted to ag
double palterning Hthography (BPLY. This technique is nsaful for developing
increased pattern density beyvond that which can be secomplished using
conventional, resolution-limited single exposure hthography (or DEL, which
requives sufficient feature separation for ihe varistion nexposure flug to
diminish with distance from the edges of intended features below g lovel
which will cause resist exposure). Specifically, closely spaced features can be
formed by exposing widely spaced features in a fivst resist layer, ransferring
the patiem to a hard mask, removing the first resist layer, applyving another
layer of resist, exposing further features interleaved with the previousty
sxposad features, ransferring the further features 1o the hard mask, removing
that layer of resist and so on uotl] all destred featores are formed in the hard
mask, The pattern thus formed 1w the hard mask can then be transferved to the
substrate or othor underlying layer, However, it can readily be gppreciated
that this technique, while useful in appropriste applications, requires
dramatically increased process complexity and process time ag well as heing
spbyect, al many junchires, o overlay orrors and the like which can greatly
compromise manufacturing yvield. This fechnique i important to an
understanding of the invention only insofar ag the nvention can reduce the
somplexity of forming elosely spaced features by at loast one-half compared
with DPL and with substantially reduced susceptibility to overlay errors.

Retwnmg now to Figwee 1, a plurality of eress-sections of an
sxemplary substrate or laver of material 10 covered by an iimage reversal resist
20 are shown. The upper left cross-section illustrates an exemplary mask 30
and a conventional Hthographic exposure 40 throngh a patiern formed fn the

mask. The upper cenirgl cross-section thus indicates exposed region 30
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which, if development of the resist were to be performed at this point, would
become soluble and would be removed as would be the case for conventional
single exposure Hthography using a positive resis! alluded to above, However,
as shown i the upper right cross-section, the resist is baked for a durstion and
at a femperature appropriate to the particular image roversal resist cansing
exposad resist 50 to become cross-tinked and inert as indicated at 80, Then, at
the lower left cross-section a flood cxpostre of the entire resist Taver 18
performed; rendering exposed regions soluble upon developmeni while the
exposure of inert region 60 has no effect and region 60 remains inest, a8

shown in the losver contral cross-section. Finally, as shows in the lower vight

%

cross-section, the image reversal resist 1 developed and removed leaving
region 60 intact, This resull is nwch the saime as iF 4 negative resist had been
mitially employed in the nitial exposure and development in the upper loft
and upper central cross-section of Figure 1 due o the inage reversal,
Hewever, the remaining resist vegion 60 may have more gseful chemical
properfies for some applications since § was renderved inert rather than merely
undeveloped.

Other relatively sophisticated Hthographic techniques such as double
dipole fithography (DL}, use of trin masks with alternating phase shift
ntasks, and so-cadled innovative double exposure by advanced lithography
{(IDEAL} we known and can be used iy combination with the invention {a
marginally improve effective resolution andfor resist shape fidelity. Howeves,
detatls of these tecliiques are not important to the successiul practice of the
uvvention in aconrdancs with is basic principles and variations thereof as will

be discnssed below, Rather, most of these technigues are complex, thme-
consumiing andfor costly and the improvements in effective resolution and
shape fidelily provided by the tnvention, particularly in regard to rownding of
convex outside corners and distortion at concave inside corners, will avoid the
nacessity of using such technigues i most applications,

Referring now to Figure 2, the invention will now be explained in
cormection with ifs most basic principles. The inventors have realized that the
area of an tmage reversal resist not exposed by the pattermed mask, after
haking, remains phofosensttive and continues 1o funetion as g positive resist.
The inventors have further realized that the exposed areas of an image reversal



WO 2012/021498 PCT/US2011/047054

G

restst which is rendered inert by baking has the equivalent manifestation asif
the exposure had been made of a negative resist. Therefore, in the image
reversal resist, exposure follewesd by baking canses the exposed wea to
raspond o the exposurs as a negative resist and can be usad as such in
combination with g positive resist in the same layer that remaing sensitive 1o
further patterned exposure. The invention exploits these properties of an
tsage reversal resist to build up a desived patiern by two (o1 more) patterned
sxposures; one being a patterned exposure of a positive resist and the other
being the equivalent mantfestation of a patterned exposure of # negative reaist
while both exposures ave performed 1 the same resist layer. This building up
of desired patierns from {wo expeosures not only provides for the possibility of
hmifing the mask patteras to a relatively small munber of primitive wmask
patierms bat alse provides some anexpected benetits in improving resolution
and fidelity of the resist strycture bt provides substantial and unexpectad
simplification of processes previously regquired to achieve some qualifies of
desired patiemns such as increased feature density even in cages where
nnprovement i resolution or image fidelity may not be required.

Figure 2 ilinstrates, in plan view, four arbitrary rectangnlar regions of &
niask or an Image reversal resist on a substrate sindlar to the cross-sechionad
views of Figure 1. That i, the wreas indicated by the bounding veciangles 20
do not necessarily correspond to the same physical arca but are chosen for
clarity of Hlusiration. In the upperlefl rectangle, 2 fivst mask 22 is llnstrated
with a pattern shown a3 a shaded reclangular area 24 with the shaded portion
correspanding fo an area substantially epague o the exposure engrgy. The
upper right rectangle additionally shows & second mask 26 {which mav be a
physically different mask from mask 22 or the same mask 22 translated fn
position), having an opague reclangular pattern 28, The lower Ieft rectangle
20 Hustrates a fivst exposure 24" made with the first mask 22, Followingz an
fmage reversal process (e.g baking) a second exposure 28" is made; the area of
which overlaps the pattorn area of the fist «\::}:‘posuw.. These two overlapping
patterned exposures vield areas of foor different exposure conditions: area

xpmmi only by the first exposure, aren exposed only by the second exposure,
rea exposed by both exposures fwhaere the expasures overlap) and area which

i unexposed. These four expesurs states are not produced tn the normal
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provessing of image reversal resists discussed above in connection with Figure
1 since in conventional Hthography using an image reversal resist, the second
exposurs is an unpatterned, flood exposure and does not contribute to the fngl
image or allow for g exposure state of never exposed or exposed only by the
first exposure, Thus, area never exposed, avea exposed by the first exposure
and arce exposaed twice, upon development are all insoluble aad are not
removed while area exposed ondy by the second exposure Sllowing the image
reversal process will be develuped as shown in the lower right rectangle 20.

There are several important chaervations o he made from Figwre 2 and
the above discussion which will facilitate an appreciation of the capabilities
and mieritorions effects of the tnvention. Inttially, 1t is to be noted that the
resist pattern produced s 2 substantially more complex shape than the shapes
in gither of the masks used to produce it stnee the resulting resist pattem
mcludes g concave edge portion or so~called “inside comar™ which s known
tor be difficult to accurately produce. Forther, the masks have only straight
sdges that are ‘pe&gse’udxcuim to gach other. Additionally, the mask patterns are
all vectangular and oo mask patterns having inside corners need he used in
opder to produce g resist structure having an inside corner in aceordance with
the invention since and arbiteary resist shape can be budlt up from rectangles in
accordance with the invention although uss of mote complex mask shapes e
deenied to be within the scope of the present invention. This capability of the
invention i§ of substantisl tportance in svaiding or reducing diffraction
distortion effects, particularly at small feature sizes, as will be discussed in
greater detad below,

Perhaps less evidently, the remaining resigt is comprised of areas
having no exposure, single exposure using the frst mask or double exposure.
All three of thuse exposure conditions produces the same offect on the image
reversal vesist. This, i burn, iooplies that virtually any shape can be developad
i several alternative ways using masks of difforont shapes and, moreover, any
desired resist structore shape can be built up from a Hmited nuniber of
primitive mask shapes and each of the primitive mask shapes can be achivved
using a Hovited number of primitive masks while thers will be several
alternatives for combinations and sequences of primitive masks that will result

in a given proimitive mask shape. The desired resist structure shape can also be
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batlt ap ol & lmited mumber of shapes that may alse be refutred fo as primitive
resist strusture shapes.

Forexample, refarming to Figure 3, the same resaliing shape in the
patterned resist can be achieved nsing masks which gre complementary to
those used in Figure 2. Thatds, as shown at the upper lefi in Figure 3, the first
mask 32 is principally apague with 2 square/rectangular apertare or
transparency 24 such that it is the negative, complement or reversal of the
opague amd transparent reglons of the frst mask of Figure 2. Similarly, the
second mask 36, shown at the vpper right of Figure 3, is lustrated a5 overlaid
on the first mask 32 and Has & stmilar square/rectangular aperture or
fransparency 38 which pariially overlaps aperture 34 of the first mask and is
thus also the negative, complement or reversal of the second mask of Figure 2.
{As with the example of Figure 2, the second mask 36 conld be physically the
sime mask as the first mask 32 but digplaced in focation o gxpase different
areas of the resist in the second exposure) Using the swwe exposureand
image reversal (e.g. baking) process as that deseribad above in regard to
Figure 2, the exposure states are illustrated at the lower left of Figure 3 and the
resulting resist pattern afler developracut Is shown at the lower right of Figure
3 and is essentially idemtics] to the corresponding vesist pattern of Figure 2. ¥t
should he understood, however, ax will be discuseed in greater detail below,
sorme mask combinations will, as a practical watter, produce resist pattems
that may differ subtly in fidelity o other properties from the same intended ov
“target” pattorn produced from a different combination of masks. Thersfore, a
particular combination of masks may be better suited {0 producing a given
resist structure shape in the bnage reversal resist than another combination of
masks and the optimal combination of masks may differ in dependence upon
numerous factors of the overall resist structure shape to be praduced such ax
conliguous primitive resisl paltens shapes, particnlar properties of the resist,
minimem featere size, pattem regulavity, patteny density, proximity effects and
the fike. Determination of the optimal combination of primitive masks fe
produce a given restst paitem shape for a partivuler application as will be
discussed below s considered o be within the scape of the present invention
as a perfecting feature thereof even though such a perfecting feature is not

necessary to the successtul practice of the mvention in accordance with the
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As another illustralive example, tsing masks producing Siffrem
c:;:‘»f,pf_vsm‘a patterns, a resist pattern structure which is the complement of the

esist pattem structure of Figures 2 and 3 i shown in Figure 4. The Frst mask

pﬁitm‘.u comprising g roctangular aperture or transparency is shown at the
apper feft ol Figure 4. The second mask, conmprising an opaque reclangle is
shown gverlaid on the first mask at the upper right of Figure 4. The exposure
states of the image reversal resist ate shown at the lower lell of Figure 4 and,
after development, the vesulting patterned resist structure is shown al the lower
right and 13 seen to be the complement, negative ot reversal image of the resist
pattern straciure produced in accordanee with either Figure 2 or Figure 3. The
vesist structure pattern of Figure 4 could glso be developed ueing somewhat
dilferent masks using an image roverssl resist that responded a8 a negative
resist and vet different mask patterns.

1t should be noted that not alf of the exposuee states need 1o be used in
the practice of the invention. For example, if the firét and second masks sre
complementary, as shown in Figure 5, the respective areas of the resist will be
exposed only once by either the first or second mask and the “never exposad”
and “twice exposed” exposure states will not be produeed. ¥t should be
appreciated that, in such o case, small registration errors are substantially
frrelevant to the patterned resist structure finally produced since the
registration ervors will merely result in regions of the remaining two exposure
states having transverse dimension that differ slightly from the ntended resist
pattern shape, The exposure coukd also be mutually exclusive and non-
overlapping such that “never exposed™ areas are formed withent forming 3
“twice exposed” gxposuwre state. I shonld also be appreciated that since the
process in accordance with the invention produces different images based on
the masks used as the first and second masks respectively, the order in which
masks are used in the respective fivgt and second sxposuzes 1s not
conumutative, even though both patierned exposures contribute 1o the resist
struchuce pattern, since the image reversal processing causes the inage
reversal resist to respond io the first exposure, upon development, as g
negative resist rather than as a positive resist and an be used as such.

it should alen be apprecinted that multiple, preferably rectangnlar,
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mask shapes may be included in one or both masks or be produced by multiple
first or second exposnres. The mask shapes illostrated in Figure 6 will be
recpgnized as topologically sinilar to those discussed above in connection
with Figore 4 but are proportioned and overlaid differently to result in a ™7
shaped resist structure rather than and “L™ shaped resist structure. ¥t should be
aoted that the T shaped resist structyre appears quite frequently in integrated
clrenit desigus but ix partioniarty subject to distortion and being produced with
poor fidelity. However, the invention provides for its production with a much

fproved degree of fidelity, as will be discussed in greater detail below,

Tt should be appreciated from Figwee 6 that many differcotly shaped
resist structures can be produced using the same pair of masks but with
different overlay shifte. Just as Figure § showed that 2 T shaped resist
sirpeture can beproduced front masks topelogically similar to the masks of
Figwre 4, Figure 7 ithustrates fhat, for example. a plurstity of square wask
palterns such gs were discussed above in connection with Figures 2 and 3 to
produce an “L” shaped rosist structure, the same or differently sized or
separated {or ditferently demagnified and posstbly exposed in a step-and-
repeat exposure provesy such that epacing andfor image stze may be altered)
mask features can be overlald with a ditferent shift ov offset in respective
exposures to produce an armay of “L7 shaped resist structares or sud array of
crueiform resist stractures. So-called navoribbon structures can also he
produced by using square or rectangular mask patterns (having much smaifer
aspect ratios than the nanoribbon) with different demagnifications and offsels.
It should be appreciated that any or all of the above sxamples can be
employed in virtually any combination in order to ahbiain resist stractures or
portions thereof of various shapes and that those shapes can be produced in
any combmation i develop larger composite resial structures of any desired
shape. Such combinations of shapes and various combinations of “primitive
mask patterns will be apparent {o those skilled in the art from the above
examples. Thus, in stwmmary of the above exanples and o generalize
application ol the invention in accordance with iis basie principles, Figure §
shows a pair of niasks having a shape intended t represent substaniially
grtutrary mask featuve shapes. 1t should be noted that civcular masks have the

distinel advantage over rectangular shapes in that they ave not sabject 1o cormer
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mounding diffraction effects. Thus resist structure patterns of arbitrary
complexity can be generated by overlay of two primitive masks, Thus, ifn
primitive masks are provided, i can be shown that they can be used by
overlaying them i various combinations to provide an additional n + Bin2)
masks where B{n,2} Is the hinomial coefficient defined by

Bin2)=nl3{n-231.

This equation 8 the mumber of possible combinations of overlaying of two
miasks from a pool of n masks from which to chooge. Essentially, iy
arbitrarily complex. mask shapes that may be required can be dscomposed inlo
primitive niasks which can then be used in combination o generats conposite
masks and etmployed in the method described above in regard to Figure 2.
As 2 vanant embodinent of the invention that may be particalarly

useful w producing resist sirpetwres of complex shapes and tnereasing Gdsiiy
of some portions of features of patterned resist strictures, the provessing of
Figure 2 can be modified by the additional siep of develaping the tmaze
roversal yesist as a positive resist afler the initial exposure using the first mask
and prior o the image reversal process {e.g haking), This variant of the
imvention will nowe be discussed dn connection with Figures 9 - 13, This
variant of the invention is particnlarly capable of producing complex patterns
sinee it provides for a thivd mask and exposure process {e.g. hwo mask and

exposure processes before image reversal processing). This variant
enthoditment of the invention can also be concepuatized as the same
provessurg discussed gbove bul starting with a patterned Yayver of resist rather
than a blanket Yayer of resist,

Figure 9 shows, in plan view, a substrate or laver of material covered
by tmage reversal (IR} resist 92, preferably applied by a spin-on process,
which is overlaid {e.g. by projection} with an exemplary mask paitern 94,
depicted as fonr opagne sgoares. An expostre is then made and the image
reversal resist is then developed o remove the exposed resist, resulting in the
resisi patiem of Figure 19 sinew the image reversal resist sots as a positive
resist since the image reversal provessing bas not yet been performed.

it should be understood that the unexposed resist remaining i place
after development is substantially coaffected by development in that it

remans sufficiently sensitive to energy that another patterned expesure of the
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rosist, now patterned as tHustrated, can be made. To perforny this pattemed
exposure, 8 further mask 110 compiising, in this example, a plurality of
horizontad stripes pamal y overlapping the ramaining areas of resist, 18 now

applicd {e.z. by projection or physically overlaid on the resist) as illustrated in
Figure 11 and a further exposure made, The image reversal processing (2.
haking) can now be performed and a Ruther patterned exposure made using
mask 120, comprising, in this example, a plurality of vertical siripes, again
overlapping remaining areas of mage reversal resist, as shown in Figure 12,
When development is performed the resalting patterned resist structure will be
{for the excmplary masks tlustrated in tlus example) as shown in Figare 13 as
a plurality of eruciform shapes. 1t should also be appreciated that, in addition
te allowing for substantially tnereased patters complexity of the fnal resist
siracture, this variant smbediment of the invention can also avoid rounding of
outside corners 130 since the edges 130 at the ends of the salient portions of
ithe eruciform shape are formed fron longer edges of the patterned vesist

rmed by the first pattemed exposure and development. Thus, the invention

s »;:apah_iez of substantially eliminating a particalarby ublgquitons type of shape
distortion which is chargcteristic of known Hthographic processes prioy to the
present fnvention.

The invention 13 also capable of substantially reducing or climinating »
further form of distortion of inside corners of resist pattern struciures which is
also charactenistic of known }:l}mﬂaphlc provesses prior to the present
tywvention, Figure 14 shows g eniform shape similar to the shapes produced
by the process sequence discos swd above m conneeiion with Figure 9 - 13,
The intended outline of this shape is as depivted at 140, If such a shape isto
e produced by conventional single exposure {(and most multiple exposure}
Lithographic techniques, rounding of outside corners and some degree of
rounding or fill of inside comners Is inevitable; due to diffraction effects
veducing effective cxposwre at outstde cormers and the mteraction of
diffraction effects from Itersecting edges {e.g. edges A and B increasing
effective exposire In a region that may be visualized as bounded by e O3
When the shape is produced at refatively targe sive on the order ofhalfy
ricron {300 nm), the shape remaing reasonably well-resobved, as shown at

142, However, gs such 8 shape s scaled to snaller sizes for g given exposure
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provess, these distortion effects are increased leading to a foreshortening of
the salient portions of the shape and increased Al of the inside corners ag
shown at 144 aﬁd 146 {353 nn amd 220 nm, res mm ely} o the p-oi'ni {al 32

ci{ssel}f 'res-m'}bles a 'raa:‘f.zmgl& rotated b}? 437 as shawm at 148, Smuiar
diffraction effects will oecur using conventional lithographic technigues at any
point where edges of & shape intersect, such as §n & “T shaped resist structure.
Such distortions are not contined to inside and outside corners of a given
shape hat may be caused in conventional lithographic techuniques by proximity
of edges of other shapes which are sufficiently close to a resist stracturs for
interference of diffraction effects to oconr, An example of such distortion due
to proxirity of shapes is shown in Figure 15, 1 shonld also be appreciated
that, in practive, such distortions may be exaggerated in structwres formed by
further Hthographiv process eraploying the patterned resist structure sines a
nasrow {and generally thinned) resisl structore 1s nomsally attacked fo some
significant degres and may also be undercut by other lithographic resctants
such as olehadts

"I*imr&ﬁtsm, n conventional lithographic processes, it is nocessary 1o use
si-called optical proximity coreection {OPC) which is essentially
predistartion of the mask shaposthat comrecty, to some degree, for distortiony
due to ditfraction effevts. However, these techuiques are very ime-consuming
and expensive due to the difficulty in computing what the diffraction effecis
will he and their likely degree of reinforeing interfiorence as well as
determining the degree of predistortion of mask shapes which will yviekd
suitable reduction of diffraction distortion over the entive chip pattern while
sueh QPC will generally cause even greater proximity of edges of exposed
shapes.

A comparison of an exemplary portion of a chip pattern formed
without OFC and with OPC s shown in Figure 16, 1 is readily seen that,
without use of QPC, some stracturss are formed with gaps or otherwise
‘misshapen while, throngh the use of OPC, the structures are more-or-less
correctly tormed although rounding of outside comers and fill of insisde
eorners remans evident. fo other words, some degree of distortion remains
evervwhen OPC is optimally stilized. These formis of distortion can be
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substantially ehiminated by use of the invention sinee rounding of vutside
corpers can be completely eliminaied through use of the variant embodiment
of the invention described above in connsetion with Figures 9 - 13 and fill of
wside cormers can be eliminated by forming all shapes through use of nask
shapes that do not inchude inside comers, such as rectangles, which sre
entirely sufficient to provide any desired arbitvary shape, as denonstrated
above. If mask shapes are constrained in such a manner that no inside corners
areincluded, the mulliple exposures of # single resist layer tnaccordance with
the inventien can be mude such that no intersecting sdges forming an inside
cornut will be coneurrently exposed and the diffraction offects of one expasure
cannot construgctively interfore with sach other, In other words, the exposures
can be arranged by virtue of the inveation so that dach exposure “sees™ only
straight Hines that de net intersect to form inside corners and no diffraction
interactions can ovowr from such exposures made at different times and which
partial exposures due o diffeaction effects wonld Have, iy any case, opposite
gifects on final developmant of the image reversal resist, due to image reversal
processing bebween exposures, Further, due to image reversal processing of
patterned exposures i accordance with the invention, parttisl sxposures due to
diffraction effects are generally in different locations and caunat
constructiveldy iterfere for that reason, sswell. It should be noted i this
rogard, that these advantages can be abiained where a seguence of exposures
using promitive masks ave made for producing & composite exposure before or
atter image veversal processing andfor initial resist palierning by development
after an initial expostre i accordance with the variag embodiment of the
trvention as long as adequate separation between features in the composite
exposure is obsorved.

The versatilily of the invention and its ability to form conunon
seaniconductor device stractures by multiple exposures of & single resist laver
with imnage reversal processing betwesn wo sxposures will now be discussed
with reference 1o the schematic plan view and cross-sectional view
Hustrations of Figures 17 - 20, It will be appreciated from thess {llustrations
and the following discussion that cach of the exemplary processes and
resaliing identical final structures can be provided in sccordance with the

mvention with approximately one-half of the ninmber of process steps that are
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required in convertional Hthographic processes prior to the invention.
Further, from the variety of these examples, it can be sasily seen that the
mvention can be applied o any senticonductor process that requires a resist
and can achieve any desired patterning that may be encountered in
sericonductor manufacture,

In Figare 17, source/drain contact patterning is compared between
comventional lithegraphic process on the Teft and in accordance with the
invention on the right. Using conventional lithography, 2 mask 180 must be
provided {step 1) 1o separate the sonres and drain contact areas prior to
depositing a blanket layer of mutal such as alunintn and B-ofT to partially
pattern the metal 182 (step 23, then, a further resist miask 184 must be applied

and patierned o complete patteming of the medal o remove metal from
regions 186, In contrast, wtilizing the invention and beginning with the same

substrate topology, a single, more complex and mulii-leve! lithographic resist
structurn 188 can be formed. Then, a blanket déposition of metal can be
perftrmed and followed by Tift-off of the resist siroeture and overlying metal
suvht that the metal canr be fully patieined in e single Bthographic process.

Figure 18 tHustrates steps of forming a nanoribbon stracturs alluded to
above. The active area must first be patterned by & first Hthographic process
{step 1) amd silicon oxide (S0} deposited (slep 2). then, a {positive) resist
mask s patterned (step 3) and the $I0, s ciched (step 4). A {negative) resist
muask structure {rotated 90°) is then formed (step 3) and the subsirate {e.z.
sthoon) is etehed {step §) and wet etching of the silicon oxide is performed
{step 7} to complete the stracture,

In contrast, two different methods of forming a nanoribbon structare
are ilusirated tn Figare 19, Active area patterning is performed (step 1) as in
the conventional process of Figure 19, However, double exposure of » single
restat fayer can be performed with the same mask, rotated between exposures
{step 2} and dry etehing of the active ares divectly performed (step 3)
compiete the deviee. Alternatively the variant embodiment of the invention
disvassed above involving two exposure and two réstst develepments with
image reversal {step 1) can be used 10 concwrrently patter the active area and
define the nenoribbon shape which can be followed by dry etching (step 23 o
compete the device. From Figures 17+ 19, it can be seen that one significant
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advantage of the present mvention is emulation of the same printing capability
of conventional Hihography with significantly reduced comploxity and
correspomding cost while providing some improvements in image fidelity, if
needed, and reducing or elinunating diffraction distortion effects.

Figore 20 Hustrates how the invention can be employed to replace
complex and expensive doubtle pattern lithography (DPL), discussed above,
which iz often requived 1o increase the pith of semiconductor siractures

beyond the piteh that can be resolved in a given lithographic exposure. In the
conventional process on the left of Figure 21, The conventional DPL process
incledes g hard mask fo which the pattern of each of 2 seguence of resist
structures is transferved {steps 2 and 4), sach of which requires the application
aned patlerning of a separate layer of reaist (steps 1 and 3. Finally, the pattern
resalting in the hard mask s transferred to the substrate or underlving layer of
matenial. Tn sharp conteast, use of the invention allows the hard mask to he
omitted altogether using two exposures of a single layer of resist with tmage
reversal provessing between the two (or three, using the varlant embodiment
of the wvention} exposures. Additional exposure can be performed elther
before or after the image reversal provessing as a composite exposure using a
sequence of primitive masks as discussed sbove, It should be noted,
particularly in regard {o this example, that the conventiona! technigque is
necessarly made subiect to rogistration or everlay ervors ut each application of
& new resist whereas the invention can completely avoid such registration or
averfay erroevs by the simple expedient of providing for image inversion
processing (e baking, suzh as by an inssitn anneal) to be pecformed i the
exposure ool (An in-sin ansealing process using heat may requite thermal
separation of the wafer from the optios of the exposure ool such as by
msalation and/or thermal stabilization of the nptics or even romoval of the
optics from the active position in the exposure teol during any thermal
processing. Thermal processing may also be accomplished with reduced
heating of the tool by providing, for example, resisiive heating in the wafer
chuek, a taser anngal from the back side of the wafkr, Tnfra-ved lamp heating
with one or more lanps installed in g casing with a shutter or in 2 manner
allowing frvadiation of the wafer through, for example, mirrors in order to

reduce heating of the optics of the expostire tool, Bmay alse be possible to
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achieve nmage reversal throngh chomical or catalyviic processing, either slone
ar iy eombination with thermal processing, that may be perfornied within the
exposure tool} This moritorious effect of the invention is also applicable to
the examples and vartant embeodiment of the invention discussed ghove,

In view of the foregoing, it is seen that the invention provides a
lithographic techmique that is distinguished from conventional usage of image
reversal resist by providing a second patierned exposurs instead of a Socd
exproatre and s distinguished from conventional single or multiple exposurs
fithographic processes by provision of image reversal processing andfor
development between exposures. The nvention is capable of forming restst
strnetives of any shape that may be roquired for semiconductor manufaciuring
with higher fidehity to muusk shape than his been previously been achieved
while doing so with, in mwany cases only abont one-half the number of required
process sfeps. The invention further allows avoidance of the most uhiguiious
types of shape distortion due to diffraction and proximity effects and allows
avordance of some types of overlay ervors or their effects. The performance of
the invention can be marginally improved by use in conbination with other
sophisticated tthography technigques but achioves sufficienily high shape
{idelity that such expensive, eritical and time-constaning processes can be
cniited in all but the most dimenstonally aritical vases.

As discussed above, the invenfion provides numerous combinations of
masks that can be nsed {o produce 8 resist sructure of any given shape, While
the patterns of the resist structores that result from mask combinations that can
b used to form them shonld theoretically be identical, the resulting shapes or
thewr properties may differ in subte but potentially important ways inregard to
gffective resolution, fidehity snd relative degree of freedom from distortion, all
of which gualities will horeinafter be referved o as printability.

Therefore, as a perfecting feature of the invention which is considerad
to he highly desirable but not necessary to.the successful practice of the
mvention m accordance with s basic principles, an algoritha which may be
iplemented ona suitably programimed data processor has been devised by
the inventors 1o allow choice of optimal masks, such a8 primitive masks
alluded to above, in sccordance with the invention to be practiced in an

antomated fashion. It should be borne i mind during the following
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discussion that o stmilar algorithm can be developed and will be apparvent 1o
those skilled in the art from the following discussion that will provide muask
combinations that satisfy criteria other than thoss enumerated above. It s also
to be undersiood that the algorithm as will be discassed below may or may not
be apiunal for use with and does not provide for optimal choice of the initiad
mask nsed in the variant embodiment of the invention described above, but
extension of the methedology of the algorithn discussed helow to such an
embodiment of the iyvention will be apparent o these skilled in theart in light
of the following desceription.

For purposes of the following discussion, it is assumed that a lavout of
the mask pattern has been performed in the vsual manner. In fact, the
methodology of preparation of the mask pattern and the technologies that may
be represented therein are rrelovant o the practics of this parfecting feature of
the tnvention. It is also assumed that the desired mask patiem can be
decomposed inlo glemental patterns that can be sub-divided inio matrices. Far
purpases of discussion and sunplicity of ilustration, a 3x3 mateix will also be
assunted. However, one or more differont matrix sizés {e.z. 3x4, dx4, 4x5,
3x3, .. mam} can clearly be used 1 sceordance with the analytic principles of
this algorithon and may yield computational economies in some cases where a
favorable trade-odf between the number of primitive masks employved and the
aumber of mateix “tiles™ inte which & mask pattern may be decomposed can
be determined.

The algorithan for chonsing masks for optimizing printahility
comprises two phases: decomposition of the desired chip pattem into
combinations of elemental masks of a given miatrix size and selecling the
combination of masks which will result in best privtability. The basic rales
for decompuosition derfve from the four possible exposuwre states resulting from
the process discussed above in regard to Figure 2 and the response of the resist
to thoes exposure states, Specifically, respective areas of the image roversal
resist will be insoluble if nover exposed, exposed twice or only exposed
during the first exposure and soluble ifexposed only during the second
expostre, Therefore, for resist areas that should be soluble, the corresponding
areas shonld be opague on the first mask and transparent on the second mask.

For resist arcas that should be insoluble, comesponding areas should be
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opague on both masks {e.g. never exposad), transparert on hoth masks
{exposed twice) or transparent on the first mask and opague on the second
mask {exposed only by the fivst exposure), That is, for areas or blacks of a
malnx tilethat are opaque i a tile of the desived paitern initially designed,
there are three different combinations of masks are available fir each black or
area of a single mask. These exposure options in regard to areas that sheuld
be insoluble provides substantial Sexibility for mask selection for the
decomposed mask and which will vesult in the desived pattemn for a file of the
desired overall resist patten.

For examgple, W produce a tile having a cruciform shaped resist
structure asa file of the overall pattery ax illustraied ai the top of Figure 21, all
blocks of the second mask must sither be transparent ar be opaque oaly in
arvas corresponding to the blocks of the cruciform shape to he prodoced as
shown W the lower tow rows of block patierns, Note that none of the second
mask tites have opaque corner blocks, Conversely, for the first mask, all
potentially appropriate pattems {not all of which are shown) are opaque at all
corner bloeks. The same is true of the upper comer blocks and the bottom row
of blocks in the tile patteros shown in Figare 22 for producing an inverted ¥
shaped resist strachure pattern and upper right comer and feft and bottem rows
ot blocks of tile patterns shown in Figure 23 to produce an VL7 shaped resist
structare pattem,

1t shonld be clearly anderstood that not all of the combinations of the
block patterns of tles shown i Figures 21 - 23 will result in the desived resist
structure shape for the tile. Valid combinations of first and second tile
patterns can be easily and rapidly detected by assizning a fivst logic value {e.p.
“0"y o block areas that are opague in respective tile mask patterns and areas
that are to be inseluble in the image reversal resist and assigning another logie
valus {e.g. 1" 1o areds that are transparent in the respective file mask patierns
and areas that are to be soluble in the mage roversal resiet and then Heratively
{or in parallel} festing respective blucks of & given tile mask pattern
contbination against corresponding blocks o1 the desired resist structare
pattern in sccordatice with the truth table shown in Figure 24, Hwill be
recogized that the logies] test shown in Figure 24 ie simply that of an

exclusive OR gate with additional inversion of the output to reflest whether a
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stugle exposure is produced by a respective block of the frst tile mask or a
corresponding block of the sepond tile mask. The logic of this test ¢an he
evers more simply embodied in an AND gate with an tnverting input such thai
it a block of the first tile mask s logie varlable A, & corresponding hlock of
the second mask s logic variabde 8 and C is the value of the block in the s
of the desired resist structure shape, the logic test can be exprossed as:

A»B=C
where e donotes the logical ANIY operation and the bar denotes the logical
complentsnt of the variable “A™. W this test is trae for all blocks of atile, the
combination of file mask patterns is valid. Accordingly, while many
cerbinations of tile mask paiferns may be presented, valid combinations can
e detected very rapidly by very simple logie. The results of detected valid
combingtions can bo visuahized as tabulated for the respective shapes of
Figures 31 ~ 23 as shown in Figures 28 < 27,

Vahd combimations of masks which have heen detected as discussed
above can then be compared forprimtability, It will be recalled from the ahove
discussion of the basic principles of the invention that the avoidance of
difﬁ‘a&tiom distortions of which the invention is capable ix most effective using
roask patens (or Gle mask patternsy which minimize inclusion of cormers and
mside pornersin particnlar. (Cutside comer distortion is avoided by use ol the
variait entbodiment of the inveniion discussed above in conmection with
Figures ¥ - 13} Therefore, the selection phase of the algorithm next continues
with the detection and counting of comers preseanted by the respective fivst and
seeond tile patterns of the vahid combinations.

Specifieally, the comers are detected wnd counted in a speeific manner,
Flest, euch tile pattern of each tile mask patiemn of a valid tile mask
comthination is inspectad in groups of four Blocks in @ 2x2 matrix
configuration as depieted fn Figure 28, From cach block of each groap the
adjacent blocks are inspected o determine 1 both adjacent blocks are of'a
logie valne of the block from which the inspection is performed {and thus the
adjacent blocks must be of 8 logie value squal to each other). I so, s comeris
“seun” by the block from which fuspection is done. I not (e.g. the adjacent
blocks are of different logie values) no comner is seen. This test Is performed

for each of the blocks of each group {e.g. tations of the tests depicted in
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Figure 28). The number of corners so detected is counted for cach tile pattern
mask as depioted in Figure 29, A figure of merit (FoM) is derived by ¢ adding 1
to the number of comers counted in each tile pattern miask of a valid
combination and the resulting numbers are noultiplied according o
FoM = {comers: nrask |+ ¥ cornersymask 2+ 1)

the best (most printable) combination will exhibit the minimum figure of
merit. 1t should be neted that the “+1* which is added to the counted number
of corners in each mask is to prevent a large number of eotners in one wask
with zere comers n the other mask from producing an FoM = 6
nptwithstanding @ substantial number of comers I one mask. Other
algorithms for computing a FoM, such as sunuming the connted number of
corners can also produce useful resulis In most or all cases.

it should alse be noted that mask patierms which are the samic o
inverses (.. negative imagesy of each other are desivably omitted from this
portions of testing and analvsis. Sach tile mask patierns ve trivial since their
patierns would also be the same as the desired shape and thus do sot tead o
sy meaningfol mask decomposition.

it ecan he shown that for a cruciform pattern of a 3x3 tile, the corner
counting methed deseribed above feads o a unique and optimal mask
combination {3a and 7b of Figure 23} for which the Figure of merit ssyuals
one. It can be seen by simple inspection that all other tile pattern masks would
present @ greater mumber of corners and thas would resull in a larger FoM.

Hoswvever, such & unique and optimal value does not always rosult froim
the above analysis for other shapes. For example, for an “LY shaped resist
structure patlern it can be shown that three tile pattern mask combinations will
resulf in @ minimum FoM = 9, 95 showya in Figure 30, In such a case, the
aptimal {e.g. most printable) conbination of tile pattern masks will be the
number af blocks in respective opaque or trahsparent regions in the first or
second mask whicl will form the largest rectangle or square, as illostrated in
Figure 31, Again, as disoussed above, rectangular mask shapes are most
effective in aveiding diffraction distortions in the final resist structure shape.

Thus it is seen that the above algorithm provides an optimal mask
pattern decomposition for the image reversal, double sxposure lithographic
technigue discussed above, However, it i5 to be recognized that this algorithm
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and other algorithms similarty emplaving logic and comer counting ave hikely
to be applicable to other lithographic technologies sinee they are prineipally
directed to the most ubdquitous distortions observed in lithographic processes.
While the tnvention has been described in tovms of 4 single preferred
cmbodiment, a variant embodinent and 2 perfecting feature, those skilled in
the art will recognize that the invention can be practiced with modification

within the spirtt and scope of the appended clatrus,
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CLAIMS

Having thus dexcribed my invention, what 1 claim as sew and desire to

secure by Letters Patent ix as follows;

A lithographie process comprising sieps of

applying an image roversal resist to @ surface,

performing a first patierned exposurs o expose a selected area of said
image reversal resiat using o first mask,

performing image reversal processing of said image reversal tosist,

pi%l‘fﬁmliflﬁ a second patterned exposnre (o gxpese snother selected
area of said mage reversal resist using o second mask subseguent o said
unage reversal privessing,

and developing said image reversal vesist,
2. The method axvectied in cladm 1, wheredn said fost exposure and said
image reversal processing canses the image reversal resist, upon development,

fo respond toosaid st Sxposure as 2 negative rosist,

3. The method as recited in claim 2, whereln aveas of said hnage reversal
rosist which are not exposed by said first exposure, after said image reversal

processing responds to a further exposere as a positive resist,

4, The method as recited in claim 3, wherein suid further exposure 1s said

second exposure,

5. The methed as reciied in chaim I, wherein aregs of satd image reversal
resist which are not exposed by said first exposure, afler said image reversal

processing respomds t a firther exposure as g positive resist.

G, The method as vectted m claim 3, wherein satd further exposure is satd

second exposure,
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7. The method as recited in claim 1, wherein ai least one of said first expesue

and said second exposure comprises g plurality of exposures.

& Themethod as recited in claim 7, wherein said multiple exposures expose

RreEs more proximate than can be resolved in a single exposure,

9. The method as recited in claim. 8, including the further step of

performing a third patierned exposwre of & selected area of said image
reversal resist,and

developing said image reversal resist,

satd third patterned sxposure and said developing of said image
reversal resist being performued prior to said first exposure and causing
removal of selected arcas of said image reversal resist exposed by said third

exposure.

1 The method as recited in elabm 1, incloding the further step of

performing & third pattered exposure of a seleeted avea of suid fmage
veversal resist, and

developing said imags reversal resist,

sard third patterned exposure and said developing of saiid fmage
reversal resist being prrformed prior to said first exposure and causing
removal of selected arcas of said image reversal resist exposed by said third
SXPOBILE,
L1 The methed as recited in claim 1, comprising further stéps of

determining & combination of mask patierns which is valid, in
combingtion, to produce a desired resist structure shape,

counting corners in cach of satd mask patterns of said combination of
mask patierns which is valid o produce sald desired resist stroctare shape,

cotabimng nunber of corners counted in each mask of said
combination in said counting step to devive a fignre of merit, and

selecting & combination of mask patterns having a minimuan value of

said Hgurs of merit.
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12. The method as vecited tn clanm 11, incloding the further step of
selecting between combingtions of mask patterns having equal figures
of merit by selecting a mask pattery having the largest rectangles or squares.

B3 The method as rectted i claim 1, wherein sald step of determining
validity of combinations of mask patterns includes

dividing the masks and desived shape of 3 resist strocture inin
corresponding arcas,

assigning logical values to said clemental arcas depending on whether
the elomental areas of thc masks are transparent or opaque and whether the
clemental areas of the resist structure & 1o be soluble or insoluble upon
development, and

testing said elemental arcss of sald masks against said elemental arcas

of sad desired resist strocture using & logic squatinn,

14, The method as recited i olaim 1, wheremn said finage reversal provessing

inclndes baking,

g

15, The method as recited i clain 1 wherein said i imxage revorsal proce

1s porformed in-situ tn a ithographic expasure tool,

16 A method of selecting an optinsal combination of niasks for producing a
desived resist structure shape, said method comprising steps of

determining a combination of mask pattems which is valid, in
contbination, to produce a desived restst siructure shape,

counting corners in each of suid mask patterns of said combination of

muask pattorns which is valid to pmduce satd desired rosist structure shape,

combing numthers orters comled th each mask of said
combingtion 1 said counting step to-derive a figure of ment, and
selecting a wmbmaim i mask patierns having & minimum value of

said fgure of merit.
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17, The method as recited i claim 16, inclnding the farther step of
selecting between combinations of mask patterns having equal figures
)

of merit by selecting & mask pattern having the largest reciangles or squares.

18, The method as recited in claim 16, wherein said siep of determining
validity of combinations of mask patterns includes

dividing the masks and desired shape of a resist structure nto
corresponding dreas,

assigning logical values to sald clomental aveas depending en whether
the elemental areas of the masks are transparent or opaque and whether the

slemental aréas of the resist *imature & to be sofuble or insoluble upon

development; and

testing said elomental aress of said masks against said elomental aveas

of saxd dostred resist structure using a Jogic squation.

19, A structure including

a substrate or laver of material having a surlace,

a Jayer of inmage reversal resist applied to said enrfiice, said laver of
fnage reversal rosist having been exposed by g patterned exposurg in selected
areas and subjected to image reversal processing and suother pattorned
exposure sach that said sel ew‘u:l areas of said layer of image reversal resist
exposed by said pattemed exposure, upon development, respond to said
patterned exposure as @ negative vesist and arcas of said laver of image
reversal resist yot exposed by said another patterned exposure, upon

development, respond to sald another patterned exposure as a posilive resist,

20, The stracture vecited in claim 19, wherein sald image reversal resist
covers only selected areas of sabl surface of said subsiraie or laver of material,
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