Angl ed-wedge chrone-face wall for Intensity balance of Alternating phase
Shift mask Background of Invention 1) Field of the Invention

This invention relates generally to structures and nmethod of naking circuit
fabrication masks and nore particularly sonme enbodi nents relate to the
structures and nethods of making of phase shifting circuit fabrication
masks. 2) Description of the Prior Art | nprovenents in
phot ol i t hography have i ncreased the density and enhanced the perfornmance of
sem conductor devices by shrinking integrated circuits (1Cs). As described
by the Rayleigh criterion, the mnimumcritical dinmension (CD) which can be
resol ved by a wafer stepper is directly proportional to the wavel ength of
the illum nation source and inversely proportional to the numeri cal
aperture (NA) of the projection | ens. However, diffraction tends to degrade
t he aerial imge when the CD becones snaller than the actinic wavel ength.
The actinic wavelength is the wavelength of |ight at which a mask is used
in a wafer stepper to selectively expose photoresist coated on a substrate,
such as a Silicon wafer. As needed, a resolution enhancenent technique
(RET), such as a phase-shifting mask (PSM, may be used to achieve a w der
process latitude. Unlike a binary nask that only uses Chrone to control the
anplitude of light transmtted through a quartz substrate, a PSM furt her
modul at es t heApfileslewedgd ¢hyleme-taceakall fod Vintensity bsflantsofrAltarnating pbasef er ence
to conmpensate for the effects of diff H : An al ternating
PSM (AItPSM is a type of PSMthat is particularly hel pful in inproving
contrast when patterning very small CDs, such as the gate length of a
transistor in a device. AItPSMintroduces a phase shift of 180 degrees
between the light transmtted through adjacent clear openings so
destructive interference can foBaekgieundmfllnverdionbet ween the two i mages to
zero. A phasg ?mlébfﬁ{e ,mgn@[?ﬂr ees is inplenented by creating a difference
in the opti ca} pat h ['engt hs rough adj acent openings in an opaque |ayer,
such as Chrone. A subtrdbid imeernipocrelatfxsrgayettaﬂytmsiwdtweeawdwmatmd@hch into the
quartz subst i i i dent scatter
of f the si de@f‘@g é?rcgft [:)a%r” %r?]%crﬁg%egrdsmo 'Jf;ﬁ) (a[ahlg ﬁeeer% d %ﬁ

i mbal ance i ntotthe stetiab andwgshadsadf makirige sf plsasa shiftiag c‘:imuitﬁ;fbni:atmms. Such a
wavegui de ef fect. may be manifested as a CD error and a placenent error.

2) Description of the Prior Art

improvements in photolithography have increased the density
and enhanced the performance of semiconductor devices by shrinking integrated
circuits (ICs). As described by the Rayleigh criterion, the minimum critical
dimension (CD) which can be resolved by a wafer stepper is directly proportional
to the wavelength of the illumination source and inversely proportional to the
numerical aperture (NA) of the projection lens. However, diffraction tends to
degrade the aerial image when the CD becomes smaller than the actinic
wavelength. The actinic wavelength is the wavelength of light at which a mask is
used in a wafer stepper to selectively expose photoresist coated on a substrate,

such as a Silicon wafer. As needed, a resolution enhancement technique (RET),
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The intensity and phase in the aerial inmage of an AltPSM may be bal anced in
ivari ous ways. A selective biasing approach enlarges the CD of the etched
opening relative to the unetched opening to bal ance the aerial inage. An
et chback approach undercuts the edges of the chrone in both openings to
bal ance the aerial inmage. A dual-trench approach etches a deep trench in
t he phase-shifted opening and a shallow trench in the non-phase-shifted
opening to bal ance the aerial image. The basi c concept of
increasing the resolution of a lithographic imge is to nodify the opti cal
phase of the mask transm ssion. In an alternating PSM alternating areas
of chrome and 180 degree-shifted quartz are enployed to formfeatures on
the wafer. Contrast is increased because the light diffracted into the
nomnally dark area will interfere destructively with the light diffracted
fromthe clear area. The altPSMis the "strongest” PSM technol ogy and can
i nprove t he sBcoésibipbaseshitinginesk (Rﬁwbrmey(p@awdetomteeebbwdernmmsisnnt ely
m,of _aeri al e i.nte

foens i th altisde Hala BRORLARYChally fes CRAGURERTA e aTRRAEE Lo O1o"

i ntensi ty i mhghtaranemitesukrough bauprta gulskdrats) eIV fiartHee neaiuatdshtee phasaef and to

bi [ h h i Ho
b o5 S R R P Rl SN B BLPEETEHR oo
‘peel i ng i ssudiffraction. Fi gure 9 shows sone exanpl es of the nethods used

to correct the inage i r .the le th enS|ty

i mbal ance for the PSM (ﬁfb%@ BV hﬁ%’ﬂ (gﬁ%‘;'ﬂg'ﬁa ype h};e)zS@Hg%ﬁs BEH'?? i ght
i;lovvsdl mpr ?veglpflmngmphalémeﬁB) raBelioav mt&r@n@x&mh&ﬂ Gifs, @B&H’Iwmfla_tg@td mpr ovet I

under cu an under cu i.as. . e apparently

‘nore rel evant r%’@c(ﬁa 'S S'sﬁoé'\}'é%%ﬁ'gﬁté"ﬁwfrﬁré’%H%‘?Se%Ph?ﬁet%‘th?fu1H88 C@Qﬁ*’ge

gl gaﬂggog{oggegufgggmm@m henérmktbd)\tﬁramrpﬁdj@cfﬁnmle?l; openlans SO destrudﬂ@ét531258 Ki m
‘an ase [ nmas avin st eppe
‘aperture - HEQ qriereiRe cﬁlﬁ'?@'@egﬁ? ?Wpﬁﬁgﬁgﬁ@’é’ﬁn?’?‘? o imaEes Zéad%saé&?ﬂsﬁed pattern
OL fsenl i condum’(fjt@:cfmmtiegéeé sdmglelhmntécsby eragtingdesiffbiegbé il thaopida ggﬂgg pugse
shift patter i.ni ng ste apert US55 m -
bl T+ tone. +yBEopRARRIdn PHRCH oROlRG AT RRIoS IavPRSHPR 88 CHEPRRA same - M.
?f hal f - toPesmagmiet@me?may b&asésto etbly a trenth ingh tnb@@grhtgbutfsttra{eamer on
‘transparen strate,. for en on shi a

'sel ectively alkj?fﬂ?tﬁé)pfep'aﬂ? "gaé'\‘%@ﬁ 'g‘ﬂ%e'gﬁ%@én%vrﬁ“*@ e ciﬁt@ J@Wfah? Il‘/ﬁ“i)at tern. The
! chr onme pat t ebsttdnasomestdfhe etched trench and cause an imbalance in the aerial image
: that varies as a function of focus. Such a waveguide effect may be manifested as

a CD error and a placement error.

The intensity and phase in the aerial image of an AtPSM may be
balanced in various ways. A selective biasing approach enlarges the CD of the
etched opening relative to the unetched opening to balance the aerial image. An
etchback approach undercuts the edges of the chrome in both openings to
balance the aerial image. A dual-trench approach etches a deep trench in the
phase-shifted opening and a shallow trench in the non-phase-shifted opening to

balance the aerial image.

The basic concept of increasing the resolution of a lithographic
image is to modify the optical phase of the mask transmission. In an alternating
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US5281500: - Cathey, David A ;. - Mthod of preventing null formation in.
phase shifted photomasks - Preventing zero formation in phase-di spl acenent
phot oresi st masks - by proving a transparent substrate with dark features
inrelief, and delimting at | east one end of upwardly-projecting clear

phase di spl acenent features, etc. uUsS5487962: - Rolfson, J.
Brett; - Method of chronel ess phase shift nask fabrication suitable for
‘aut o-cad | ayout -: Chrone-less phase-shift masks suitable for auto CAD
‘layout - conprising raised shifters formed with vertical edge and tapered
edge. US20040073884A1: - Kroyan- Phase shifting mask

t opogr aphy effect correction based on near-field inage properties - | mge

intensity inbal ance correction nethod for phase shifting mask in e.g. deep
WV lithography, involves conputing near-field inmage for pair of shifters,
based on which bias is determ ned for phase shifters. - The patent shows
under cut s f oPSih alletnaagrareas of chrome and 180RSHESLIted quaTare eivplayed to

Transm ssi on e-shifii <o P -shifting
ok wi th balaRbed recob PR, bohRIARsRde bBLEERI iy TS BN
-si dewal | pr ofhd reminailctarkaeearvetl indgyferel destructively with the light UBB&2&BHEM the Kokubo,

o - PNaSERBRkis, PHOLASEAY, ARIUIAGLLE bR RELAG, ANt BOARG: A

phot omask - ase- shi ohask nma cture ormng resist pattern on
waf er, i nvol vesolulien-obagivengvaférgixposurasystesisiyappsednately 40%.substrate to set

“depth of recesses forne ' None j =Jor g o § tionship.
U56410191: - Nistler, Joﬂﬁ@‘-’é@%g‘ls@%?h?'f'FQ“%B%ﬁ%”r?@gﬁ'ﬁf?%?’?c&a’t%g’xgh?%c ®hi gh
density feat witbaltPSMAmEsdmeshidtdophmeoieds@né anovwasdtletiari fogtHei iglensignsi ty
features and,gpn The . AR r.egi,on incl s sl oped
‘sidewal I' s havi ngéﬁad%g%%%gsé E’}ﬁ\é@gaﬁﬁ%%mggghggggﬁg&@arﬁ?aa%)q%gﬁ' Sﬁ'eeW vention
The enbodi nettiin) thé trehch ghreme vpening.divwererpmdeictesaral sasing timit heand a net hod

of manufact uHirﬂlg]uﬂw gﬂ?&%e@e%ﬁdihﬁngg%rﬂ%tﬁéé t%etﬂe %lslrofmoel ;I)eoe\f\ll%g issue.

Figure 9 shows some examples of the methods used to correct the
image imbalance. The graph on the left shows the intensity imbalance for the
PSM (shows below on the left.). The graph on the right shows improved image
balance. Below are 3 examples of methods to improve; 1) undercut, 2) bias and 3)
undercut an bias.

The apparently more relevant technical developments in the

patent literature can be gleaned by considering the following patents.

US6531250: Kim and US20010009745A1: Kim - Half tone
phase shift mask having a stepped aperture - Half-tone phase shift mask used in
forming predetermined pattern of semiconductor integrated circuits, includes light-

transmitting phase shift pattern defining stepped aperture.

US5514500: Ham - Half-tone type phase shift mask and method
for fabricating the same - Mfr. of half-tone type phase shift masks - by forming
phase shift layer on transparent substrate, forming light screen on phase shift
layer, selectively etching light screen and phase shift layer to form pattern. The

chrome pattern has a step.



An exanpl e enbodi nent is a mask conprising: a substrate having a first
region, a second region and a third region; the third region positioned
between the first region and the second regions; the substrate has a first
surface; an light reducing | ayer over the substrate having a first opening
over the first region and a second opening over the second region; the
first opening and the second opening having |ight reducing | ayer sidewalls;
the sidewalls of the Iight reducing | ayer are slanted at an angle |less than
‘90 degrees with the plane of the top surface of the substrate. Another
exanpl e enbodi ment is a nethod for formng a mask conprising: a) formng an
light reducing | ayer over a substrate; (1) a substrate having a first
region, a second region and a third region; the third regi on position
between the first region and the second regions; the substrate has a first
surface; (2) the light reducing |ayer has a first opening over the first
region and a second openUBE2&NE0: + attegcDadd e Méthod bieprEvdrsihg @peni ng and

/the second opening defiined by, eIl FBALELNG J Ayl Sidewal Ls:
: displacement photoresist masks - by proving a transparent substrate with dark
features in relief, and delimiting at least one end of upwardly-projecting clear
phase displacement features, etc.

US5487962: - Rolfson, J. Brett; - Method of chromeless phase
shift mask fabrication suitable for auto-cad layout - : Chrome-less phase-shift
masks suitable for auto CAD layout - comprising raised shifters formed with
vertical edge and tapered edge.

US20040073884A1: - Kroyan- Phase shifting mask topography
effect correction based on near-field image properties - Image intensity
imbalance correction method for phase shifting mask in e.g. deep UV lithography,
involves computing near-field image for pair of shifters, based on which bias is
determined for phase shifters. — The patent shows undercuts for an alt-psm.

US6458495: - Tsai, Wilman;- Transmission and phase balance
for phase-shifting mask -- Phase-shifting mask with balanced transmission and
phase, has trenches with vertical sidewall profiles which are retrograde

US6627359: - Kokubo, Haruo - Phase-shift photomask
manufacturing method and phase-shift photomask - Phase-shift photomask
manufacture for forming resist pattern on wafer, involves wet-etching light
transmission section on substrate to set depth of recesses formed on section to

satisfy specific relationship.

US6410191:- Nistler, John L.- Phase-shift photomask for
patterning high density features. - Phase-shift photomask for patterning high
density features and manufacture. The phase shifting region includes sloped

sidewalls having a slope of less than about 85°.



(a) the sidewalls of the |light reducing |ayer have a sidewall angle with
the plane of the top surface of the substrate; the sidewall angle is about
90 degrees; b) formng a first trench in the first region; c) etching the
i ght reducing |ayer sidewalls to nake the sidewall angle |ess than 90

degr ees. Addi ti onal exanpl e enbodi ments are further
described in the clains as filed and anended during prosecution and in the
speci fication bel ow. The above and bel ow advant ages and

features are of representative enbodi nents only, and are not exhaustive
and/ or exclusive. They are presented only to assist in understanding the
invention. It should be understood that they are not representative of all
the inventions defined by the clains, to be considered limtations on the
invention as defined by the clains, or limtations on equivalents to the
clainms. For instance, sone of these advantages may be nutually
contradictory, in that they cannot be sinultaneously present in a single
.enbodinent. Simlarly, sone advantages are applicable to one aspect of the
‘invention, and inapplicable to others. Furthernore, certain aspects of the
cl ai med i nvention have not been SéinvoarysddhadmeintionHowever, no i nference
shoul d be drawn regardin i not
di scussed herein other t%hé %Bﬁ)gdme%%uéﬁﬁéj%%géﬁ 'RVé’n%RHO\C Ségnstén]g@g%tl tion.
‘Thus, this smmeﬂjlbdbéatanumtmng aamla&mwalgbss d‘rauadtehzedtastfellowmna dered

di spositive in determ ning equival ence. Additional features and advant ages
of the invention will becone apparent in the follow ng description, from

t he drawi ngs, and from t As eghmplessmbdBimerit iDe soaskpddngorisinly: t he Dr awi ngs

and furt her doerQtofadiEs ol (BlF Lo BBRTIERaA o kS RRET M uBlor dance

‘With the present inventi mglcw pdsitiosedrbetereeh Gaarﬂlryt repideranti doelsdaoath t he

‘foll owing description ta he.acconpanyi ng draw ngs
‘in which like reference 'rl% er ahg%gléés{%%é%gaﬁs 'i Cor correspondi ng

el enent s, regindight raducing ltyeooser dhdsubstratkeitahing a first opening over the ﬁsgur el

h I f nb f h
ot oo, eet Lone el PR PRL ST S edOu TR Y

;errbodl ment of the presenopeéningeartd tha second opening having light rgdugn@layaiows t he
iplane diffraction at a caLoes of the opaque |ayer in the openings.

lls;
? the sidewalls of the light reducing layer are slanted at an angle less than 90

degrees with the plane of the top surface of the substrate.

Another example embodiment is a method for forming a mask
' comprising:
a) forming an light reducing layer over a substrate;

(1) a substrate having a first region, a second region and a third
region; the third region position between the first region and
the second regions; the substrate has a first surface;

(2) the light reducing layer has a first opening over the first
region and a second opening over the second region; the first
opening and the second opening defined by the light reducing
layer sidewalls;



Figures 3A to 3G show an exanple nmethod for form ng a mask having sl ant ed
.opaque | ayer sidewall according to an exanpl e enbodi ment of the present

i nvention. Fi gures 4A and 48 shows graphs of diffraction
field vs angle of diffraction for a range of sidewall angles according to
an exanpl e enbodi nent of the present invention. Fi gures 5A

and 58 shows graphs of diffraction field vs angle of diffraction for a
range of sidewall angles according to an exanpl e enbodi nent of the present

i nvention. Fi gures 6A, 68, 6C and 6D show graphs of (a)
image intensity vs [ocation for the best focus and ( b) (a) inmage intensity
vs location for the best focus and Focus at -0.2 mcrons for: (1) single

trench PSMwith straight trench sidewalls. (anisotropic trench etch) (2)
single trench PSMw th curved trench sidewal k. (isotropic trench etch) (3)
singl e undercut trench PSM (ani sotropic + isotropic trench etch) (4) the
enbodi nent' s angl ed chrone é)deevaidbwalissd the light reducing layer hdviegusidewa shows

enbodi ment st oped i deval | opadiil? aahe BarERTAp MR S e lisoi men
of the present invention. the srdewall angle is about 90 degrees;
b) forming a first trench in the first region;
c) etching the light reducing layer sidewalls to make the sidewall angle
less than 90 degrees.

Additional example embodiments are further described in the

claims as filed and amended during prosecution and in the specification below.

The above and below advantages and features are of
representative embodiments only, and are not exhaustive and/or exclusive. They
are presented only to assist in understanding the invention. It should be
understood that they are not representative of all the inventions defined by the
claims, to be considered limitations on the invention as defined by the claims, or
limitations on equivalents to the claims. For instance, some of these advantages
may be mutually contradictory, in that they cannot be simultaneously present in a
single embodiment. Similarly, some advantages are applicable to one aspect of
the invention, and inapplicable to others. Furthermore, certain aspects of the
claimed invention have not been discussed herein. However, no inference should
be drawn regarding those discussed herein relative to those not discussed herein
other than for purposes of space and reducing repetition. Thus, this summary of
features and advantages should not be considered dispositive in determining
equivalence. Additional features and advantages of the invention will become
apparent in the following description, from the drawings, and from the claims.



Figure 7B shows a Dual -trench Sl oped Sidewall Chrone using the enbodi nment
sl oped sidewal| opaque l'ayer according to an exanpl e enbodi nent of "the

present invention. Figure 7C shows Single-trench with

under cut using the enbodi nent sl oped sidewal |l opaque |ayer according to an
exanpl e enbodi nent of the present invention. Figure 7D
shows a double trench Sl oped Sidewall Chronme with undercut according to an
exanpl e enbodi nent of the present invention. Fi gure 8A
‘shows an exanple of a curved sloped sidewall |ight reducing |ayer according
to an exanpl e enbodi nent of the present invention. Fi gure
8B shows anot her exanple of a curved sl oped sidewall |ight reducing | ayer

according to an exanpl e enbodi nent of the present invention.

Figure 9 shows sonme exanples of the nethods used to correct the inmage

i mbal ance according to the prior art. Detailed Description of the

Non-Li mti ng Exanpl e Enbodi nents The exanpl e enbodi nents of
the present invention will be described in detail with reference to the
acconpanyi ng draw ngs. The exanpl e enbodi nents provi de structures and

nmet hods of form ng a mask us@Bdief DeseriptiandisticDraddvgse manufacturing.
B.introduction The features and advantages of a mask according to the present
invention and further details of a process of fabricating such a mask in accordance
with the present invention will be more ciearly understood from the following
description taken in conjunction with the accompanying drawings in which like
reference numerals designate similar or corresponding elements, regions and

portions and in which:

Figure 1 shows a cross sectional view of an example
embodiment of an mask with opaque layer with sloped sidewall openings
according to an example embodiment of the present invention.

Figure 2 shows the plane diffraction at a corner of the opaque
layer in the openings.

Figures 3A to 3G show an example method for forming a mask
having slanted opaque layer sidewall according to an example embodiment of the
present invention.

Figures 4A and 4B shows graphs of diffraction field vs angle of
diffraction for a range of sidewall angles according to an example embodiment of
the present invention.

Figures 5A and 5B shows graphs of diffraction field vs angle of
diffraction for a range of sidewall angles according to an example embodiment of
the present invention.

Figures 6A, 6B, 6C and 6D show graphs of (a) image intensity vs
location for the best focus and ( b) (a) image intensity vs location for the best focus

and Focus at -0.2 microns for:;



Figure 9 shows sonme prior art exanples of the nethods used to correct the

ii mage inbal ance in phase shift masks (PSM. The graph on the left shows the
intensity inbal ance for the PSM (shows below on the left.). The graph on
the right shows inproved i mage bal ance. Bel ow are 3 exanples of nethods to
i nprove; 1) undercut, 2) bias and 3) undercut an bias. Some
of the exanpl e enbodi nents can help correct the inage inbal ance in phase
shift masks by using an opaque or half tone |layer that has sl oped face
sidewal ls (e.g., angled -wedge face). Figure 1 shows an exanple of a phase
shift masks by using an opaque or half tone | ayer having sl oped face
sidewal | s. Terns: light reducing |ayer - a |ayer that reduces the anount of
light passing through. A light reducing |ayer can be a half tone (e.g.,
transl ucent) or an opaque |ayer (e.g., chrone). C. Mask with opaque | ayer
W th sloped sidewal | openings An exanpl e enbodi nent of a
mask used in sem c(dhsiugled)rrenatnﬁBNamitmsfraightit&nshe'rdawialis.’(érgsutmpfb.trelﬁblgure 1
shows a cross sec%g%? view of an Mask with [ight reducing |ayer 30 (e.g.,
~opaque or half to ayer 30) with sloped sidewall openings.

I n the descri pti of@)bsihglevtricheh PEihwithr etued trgndhagidawaBe. (Is&)trbﬁifcerrehéldetbb) as a

cpaue R e a0 PSRRI oA Pa RRGBIE T Eie LR, 20, Sueh o
substrate 10 havi () tle énnbedhmeegs amglddichrameesidendlimeggkon 18 and a thir d
region 22. The third region 22 is positioned between the first region 14
and the second regi ons 18. The substrate 10 has a first
surface 10A that an opagBiguteayreshdves §SCAAMY BlopeliSideivaNgChrayeAlteinstifi@r med

! over. Aperture Mask using the embodiment sloped sidewall opaque layer according to
an example embodiment of the present invention.

Figure 7B shows a Dual-trench Sloped Sidewall Chrome using
the embodiment sloped sidewall opaque layer according to an example
embodiment of the present invention.

Figure 7C shows Single-trench with undercut using the
embodiment sloped sidewall opaque layer according to an example embodiment
of the present invention.

Figure 7D shows a double trench Sloped Sidewall Chrome with
undercut according to an example embodiment of the present invention.

Figure 8A shows an example of a curved sloped sidewall light
reducing layer according to an example embodiment of the present invention.

Figure 8B shows another example of a curved sloped sidewall
light reducing layer according to an example embodiment of the present invention.

Figure 9 shows some examples of the methods used to correct the

image imbalance according to the prior art.



An opaque layer 30 is fornmed over the substrate 10. The opaque | ayer has a
first opening 36 over the first region 14 and a second opening 34 over the
second region 18. The first opening 36 and the second opening 34 are
defined by opaque | ayer sidewalls 36A and 34A, respectively.

The sidewal | s 34A 36A of the opaque | ayer are slanted at an sidewall angle
31 less than 90 degrees with the plane of the top surface of the substrate.
The sidewal | s of the opaque | ayer are slanted at an angle 31 with the plane
of the top surface of the substrate (sidewall angle) between 5 and 89
degrees and nore preferably between 30 and 60 degrees. The
openings are snallest at the first surface and the opening get wder at the
top of the opaque |ayer. In an option, light 26 transmtted
through the first region 14 and the second region 18 are about 180 degrees
out of phase. Light transmtted through the first region
has a first phase shift and light transmtted through the second regi on has
‘a second phase shift. The first phase shift is preferably about 180 degrees
ifromthe second pR§tiledgscririiga qfit'i'%Nopédp‘bﬁ'f‘%g}‘ﬁ'ﬁeler%'ﬂé?ﬁ"é‘&’lt% as an
‘unshifted region and the second region can be referred to as a phase
shifted region. In an option (single trench PSM shown in
figure 1, the first region 14 preferably conprises a first trench 40.

I n anot her option (dual trench PSM shown in figure 3G the first region 14
conprises a first trench_40 and the second region 18 conprises a second
trench 44. The |ight pasEMgaiegakodiments ?fstge eresbiverdiondhbfes i s

preferably abestibd8Gh deaan RRR rétbiendé tPBIRcoRpAYIRY GXRIBSaTheBx4MRFle OPaGUE
| ayers with sloped sidewa ) )
embodiments provide structures and methods of forming a mask used in

semiconductor device manufacturing.

B. Introduction

Figure 9 shows some prior art examples of the methods used to
correct the image imbalance in phase shift masks (PSM). The graph on the left
shows the intensity imbalance for the PSM (shows below on the left.). The graph
on the right shows improved image balance. Below are 3 examples of methods to
improve; 1) undercut, 2) bias and 3) undercut an bias.

Some of the example embodiments can help correct the image
imbalance in phase shift masks by using an opaque or half tone layer that has
sloped face sidewalls (e.g., angled ~wedge face). Figure 1 shows an example of a
phase shift masks by using an opaque or half tone layer having sloped face

sidewalls.

Terms:

light reducing layer — a layer that reduces the amount of light passing through.
A light reducing layer can be a half tone (e.g., translucent) or an opaque layer
{(e.g., chrome).



openi ngs Figure 1 shows light 26A diffracted off the corner
to the opaque | ayer at different angles. Fromfigure 1, we
see that the nost possible (W choose our study at 180 degrees diffraction
angle (0) because the optical path for any two nearest opaque | ayer

sidewall is the shortest, and thus would determ ne its phase and whet her
the interference will be constructive or destructive; not because it is the
| argest diffraction angle) diffraction angle for optical interference

bet ween two nearest opaque | ayer sidewalls is 180 degrees(6). At 180
degrees diffraction angle, the optical path for any two nearest feature
edges is the shortest. To achieve a bal anced aerial inmage intensity, 4 =

1180. (bal anced gaerial | e jntensity is defiped n light 26 transmtted
thru the first Pegion Man%gﬂ" %%Xef%ﬁbﬁpﬁdia\g}aegﬂy egig3egr ees()
out of phase and of the.s I nt e o I i ction
angle. 0 deg refer to ?’r{b&é%@g "x?ﬁ@‘#"y%ﬁ%“q ar Sg u%%f’é'??é@gcsoql\gmh{:{??t he chrone
boundagI y tmmrI lﬁéﬁctmmg@g i@réhmrrmncﬂg?;m. Figateit ﬁho% adagss eéetionabvietveofdir ect i on
per pendi cular to the quartz sur into the artz, awa romthe chrone.
50" deg Mk OSHBHEI doBicing BVeh 0 (e o aheghe st Balridng BYeY 0k Sfnsich
adj acent Cgfdf% IfpdhiHgd: Hence the maximumis 360 deg. "where (l) refers to
e

t he phase rence oOf the light reference to the phase angle passing
t hrough the unetched quathedesgriptior below the light reducing layer §@iscreferteekto i ght

26 assec SRnoUfiald ByBP3Y, PouENeP S50 L4 BB RARRIG efoho sfeple * O
substrate a®paguewyatfienefager 80s 34 36 in the opaque layer 30. The |ight
Gt acti on ot a wedge TEnFERE o cRUBHEso A phRyyS 18 Taving & frst regidif, ¢
shows the Rhangebrid Fefidd 98 afll AhFETEGIONR. THE tRIRRFtfort 23 & pbditidrital
OPEMINGS- between the first region 14 and the second regions 18.
The substrate 10 has a first surface 10A that an opaque layer
(e.g., light shielding layer) is formed over.
An opaque layer 30 is formed over the substrate 10. The opaque
layer has a first opening 36 over the first region 14 and a second opening 34 over
the second region 18. The first opening 36 and the second opening 34 are defined
by opaque layer sidewalls 36A and 34A, respectively.
The sidewalls 34A 36A of the opaque layer are slanted at an
sidewall angle 31 less than 90 degrees with the plane of the top surface of the
substrate.
The sidewalls of the opaque layer are slanted at an angle 31 with
the plane of the top surface of the substrate (sidewall angle) between 5 and 89
degrees and more preferably between 30 and 60 degrees.
The openings are smallest at the first surface and the opening get
wider at the top of the opaque layer.
In an option, light 26 transmitted through the first region 14 and

the second region 18 are about 180 degrees out of phase.

10



Figure 2 shows that we have used Geonetrical Theory of Diffraction to
characterize and analysis the light diffraction phenonenon for different
diffraction angle O for different sidewall angle ft In figure 2, the
following are explained: region 1: region space 1. only diffracted field
exist in this region (where /3 is the side wall angle 31 and Chrone exi st
in the boundary fromO to A so fromp to "shadow boundary" is air. Region
space 1 consist of Chrone and air) shadow boundary is define by the |ight
path passing fromthe quartz to the air and shadow edge of the chrone
feature blocking the light. region 2: region space 2 is separated from
region 1 by the shadow boundary: geonetrical and diffracted field exi st.

whore air and quartz extion FarmRd e bk s itgten Bea B rERhRTR o for
15( regiongff | liL Waﬂsﬂqlt(eb4)tarougﬁfth@c‘sbb@nd %gﬂ@@lﬁéya sB&@na%be@bhmnTh@undary
is defined by the path of the reflected light on the interface of the

quartz, chfiest®hase shiftris tpr%feahly]gbwtdraotdﬁgrqgafr@m the\egeard phasephiftaridie
reflect baggi r@él8n CHA bAUYBfdrfed foS MMunshifted region and the second region can be

referred to as a phase shifted region.

In an option (single trench PSM) shown in figure 1, the first region
14 preferably comprises a first trench 40.

In another option (dual trench PSM) shown in figure 3G, the first
region 14 comprises a first trench 40 and the second region 18 comprises a
second trench 44. The light passing through the first and second trenches is
preferably about 180 degrees out of phase.

D. Some explanation for opaque layers with sloped sidewall
openings

Figure 1 shows light 26A diffracted off the corner to the opaque
layer at different angles.

From figure 1, we see that the most possible (We choose our
study at 180 degrees diffraction angle (6) because the optical path for any two
nearest opaque layer sidewall is the shortest, and thus would determine its phase
and whether the interference will be constructive or destructive; not because it is
the largest diffraction angle) diffraction angle for optical interference between two
nearest opaque layer sidewalis is 180 degrees(d). At 180 degrees diffraction
angle, the optical path for any two nearest feature edges is the shortest. To
achieve a balanced aerial image intensity, lp = I1g0. (balanced aerial image
intensity is defined when light 26 transmitted thru the first region 14 and the
second region 18 are about 180 degrees(¢)** out of phase and of the same

intensity)

11



regi on space 3 fromwedge face separated fromregion 2 by reflection

boundary: incident and reflected wave exist. Region 3 refers to the region
between region 1 and 2. Starts fromthe reflection boundary to the Chrone
and quartz interface. W are working in region 2 for diffraction angle 180

degrees(8). When a plane wave is normally incident upon a
corner of the opaque |layer in the openings (Le. incident wavefront is
parallel to edge), as shown in Fig. 2, and has a field conponent V,' in the

z-direction such that (1) k': exp{jk(xces00 1-ysin00)} where 80 is the
angl e of incidence to the half-plane. The exact solution for the
z-conponent at any field point (p O) (where p is the optical distance away

O BOLM Ol ity d ke SRBactian dcie. & eed rIRLIa i argld Whe e GHATEE |
case) when 16i mtéﬁceéwwma%r&ﬂe Ho%ﬂwdﬁ?&ﬂb%?@s’sthfe uﬁ&whr@rhe%étufef' al d.

For the | ower sign we have nagnetic polarization (TM casSe) where VI =
and Eq. (2) novaG)degcnefertmtheodleactmagueependmulaﬂtatherlqeadaperfe@e Inte the or r

et dent or rer PUTRAMA TR o bty MO o RRER GTRE SRR | 1. (2)
are given by (3displacefent {distant) dhthe Bepicegnt ¢MkOIne feature. Hence the

maximum is 360 deg.

AMwhere ¢ refers to the phase difference of the light reference to the phase

angle passing through the unetched quartz surface.

In typical use, light 26 passed through the mask 11 by passing
through a second (e.g., top) side of the substrate 10 and out the first surface 10A
(bottom) side of the substrate 10 through the openings 34 36 in the opaque layer

30. The light shines on a photoresist to expose a pattern on the photoresist.
E. Plane diffraction at a wedge (chrome sidewall openings)
Figure 2 shows the plane diffraction at a corner of the opaque
layer in the openings.
Figure 2 shows that we have used Geometrical Theory of

Diffraction to characterize and analysis the light diffraction phenomenon for

different diffraction angle 6 for different sidewall angle B.

In figure 2, the following are explained:

12



where Uis the unit step function (1 for E > 0, 0 otherwise), uov is the
‘geonetrical optics field For the geonetrical optics field, (4) (5)

uoLl exptticp cos(0 OO 2n mi-)1 where n is an integer, which
satisfies-T- 4- 2 Aingand f3 is the sidewall angle 31. and ud'r is the edge

diffracted field

region 1: region space 1: only diffracted field exist in this region

(where gis the side wall angle 31 and Chrome exist in the boundary from 0 to 3,
so from pto “shadow boundary” is air. Region space 1 consist of Chrome and air)
shadow boundary is define by the light path passing from the quartz to the air and
shadow edge of the chrome feature blocking the light.

region 2: region space 2 is separated from region 1 by the shadow boundary:

geometrical and diffracted field exist.

Region 2 starts from the shadow boundary up to the reflection boundary where air
and quartz exist for 2" region of Figure 1(18) and air only for 1* region of Figure
1(14))

reflection boundary: The reflection boundary is defined by the path of the
reflected light on the interface of the quartz, chrome and air traveling from the

quartz towards the air and reflect back into the quartz.

region 3:
region space 3 from wedge face separated from region 2 by reflection boundary:

incident and refiected wave exist.
Region 3 refers to the region between region 1 and 2. Starts from the reflection

boundary to the Chrome and quartz interface.
We are working in region 2 for diffraction angle 180 degrees(4).

When a plane wave is normally incident upon a corner of the
opaque layer in the openings (i.e. incident wavefront is parallel to edge), as shown
in Fig. 2, and has a field component V' in the z-direction such that

13



ze;,-r(p,0),,,Kia 1, 1(hp) lexP(-.14"), = vr2T- cos (9 T 03 ), els = (6) K
(s) =exptis exp(-je )di - "Anay fromthe optical boundaries and the edge,
is. at far field (= 106A) "or Fraunhofer region, the edge diffraction field
can be given in general as: For YE (electric polarization), exig ficp)

: (1) Vi = exp{jk(xcosd, + ysiné,)}

where 6y is the angle of incidence to the half-plane. The exact solution for the z-
component at any field point (p,0) (where p is the optical distance away from point
of diffraction) can be written in compact form as followed:

) V.A(p,0)=u'(p,8)Fu (p,0)

The upper sign is for electric polarization (TE case) when V,' = E, and hence Eq.
(2) expresses the total electric field. For the lower sign we have magnetic
polarization (TM case) where V,' = H,' and Eq. (2) now yields the total magnetic

field. The superscript / or r indicates that the particular field component is

associated with the incident or reflected geometrical optics field. These

‘ components in Eq. (2) are given by

3) u" (p,8) =U("" i (p,0) +u' (0,6)

‘ where U is the unit step function (1 for £ > 0, 0 otherwise), u,"” is the geometrical

optics field For the geometrical optics field,

(4) ul (p,0) = exp{jkp cos(@ + 6, + 2n7rN)}

2n—- 3

VA

(6) N=

|0F6, +2Nnx |<

where n is an integer, which satisfies and B is the sidewall

angle 31.
and ug"" is the edge diffracted field

7 (0,6) ==& K{a* |lkp) jexo(- k),
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V(8,/kr) - (7) 1-41Eft For TM (magnetic pol arization),

1('8) " “where DO(0,00) and D1'(8,00) are known as the edge diffraction
coefficients, p and e are the perneability and permttivity of nmedium In
this study, diffraction coefficients derived fromthe canonical problemare
multiplied with the incident ray at the point of diffraction to produce a
diffracted field on the diffracted rays. (9)

a' =+2cos1(0F86,),

»

gi\ — Sgn(al'.r ),

o

(6) K _(s)= i exp(js? )JGXP(_jtZ Yt

Away from the optical boundaries and the edge, i.e. at far field (= 10°A) or
Fraunhofer region, the edge diffraction field can be given in general as:

For TE (electric polarization),

E? ~ D*(8,8,) Rk
' M

(8)
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Away fromthe optical boundaries and the edge, i.e. at far field (= 106A)
‘or Fraunhofer region, the edge diffraction coefficients for wedge
diffraction in general can be approximted by: -1 (10) De "' = -sin n
cogff- cos -19 1/cos ifcos 9+0 N 1/4N The fornul ati on above allows us to
determne the diffracted field for both TE and TM pol ari zation for 180
degree diffraction angle (Bo = 180 deg) using conventional illumnation (O
= 90 deg) for different sidewall angle (use equation 5 to find out Angle
"0" is the sidewall angle 31 in figure 1, Inmage Intensity G aph Results -
Fi gures 6/ 1- 6D

where D%(6,8,) and D™(6,6,) are known as the edge diffraction coefficients, y and ¢
are the permeability and permittivity of medium.

[n this study, diffraction coefficients derived from the canonical problem are
multiplied with the incident ray at the point of diffraction to produce a diffracted

field on the diffracted rays.

(g) U:‘m ~ Dz,m‘V:i

Away from the optical boundaries and the edge, i.e. at far field (= 10°A) or
Fraunhofer region, the edge diffraction coefficients for wedge diffraction in general

can be approximated by:

w2 . P 0-6,\"_( =« 0+6,Y"
(10) D" =—sin—1{| cos——cos +] cos——cos
N N N N N N

The formulation above allows us to determine the diffracted field for both TE and

TM polarization for 180 degree diffraction angle (8¢ = 180 deg) using conventional
itumination (6 = 90 deg) for different sidewall angle B (use equation 5 to find out

N).

Angle “B” is the sidewall angle 31 in figure 1.

F. Image Intensity Graph Results - Figures 6A- 6D

Figures 6A , 6B, 6C and 6D show graphs of (a) image intensity vs
location for the best focus and ( b) (a) image intensity vs location for the best focus
and Focus at -0.2 microns for:

(1) figure 6A- single trench PSM with straight trench sidewalls. (anisotropic trench

etch)
16



Fi gures 6A, 6B, 6C and 6D show graphs of (a) image intensity vs location
ifor the best focus and ( b) (a) image intensity vs location for the best
focus and Focus at -0.2 mcrons for: (1) figure 6A- single trench PSMwi th
straight trench sidewalls. (anisotropic trench etch) (2) figure 68-single
trench PSMwi th curved trench sidewalls. (isotropic trench etch) (3)
figure 6C-singe undercut trench PSM (ani sotropic + isotropic trench etch)
(4) figure 60 -the enbodi nents angled chrone sidewal |l mask

Figures 6A - 6D show that (4) the enbodinment's angled chrone sidewall nmask
produces the nost bal anced inmage intensity_The data are postul ated and
sinmul ated using SOLID-C (a commercial |ithography software) The data for
figures 6A and 6b was obtained by simulation |ILexanple method for formng
‘sl oped opaque si dewal | An exanpl e enbodi nent is a nmethod for
‘'maki ng a mask that has slope light reducing (e.g., half tone or opaque)

sidewal | s.  (2) figure 6B-single trench PSM with curved trench sidewalls. {isotropic trench
etch)
(3) figure 6C-singte undercut trench PSM (anisotropic + isotropic trench etch)
(4) figure 6D -the embodiment’s angled chrome sidewall mask.

Figures 6A — 6D show that (4) the embodiment’s angled chrome
sidewall mask produces the most balanced image intensity. The data are
postulated and simulated using SOLID-C (a commercial lithography software)

The data for figures 6A and 6b was obtained by simulation

Il example method for forming sloped opaque sidewall

An example embodiment is a method for making a mask that has
slope light reducing (e.g., half tone or opaque) sidewalls.

In the description below the light reducing layer 30 is referred to
as a opaque layer 30. However, layer 30 can be a light reducing layer 30 such as
a opaque or half tone layer 30.

Figures 3A to 3G show an example method for forming a mask. A

feature is the slanted opaque layer sidewall. The element numbers generally

correspond with the analogous elements in figure 1.

A. form an light reducing layer (e.g., half tone or opaque layer)
30 over a substrate 10

17



In the description below the |light reducing layer 30 is referred to as a
opaque | ayer 30. However, |ayer 30 can be a light reducing |layer 30 such as

a opaque or half tone l|layer 30. Figures 3A to 3G show an
exanple nethod for formng a mask. A feature is the slanted opaque | ayer
sidewal | . The el enment nunbers generally correspond with the anal ogous
elenments in figure 1. A forman |light reducing |ayer (e.g., half tone or
opaque | ayer) 30 over a substrate 10 Fi gure 3A shows a

cross sectional view of a mask substrate 10. The substrate is preferably
conprised of a light transm ssive substrate, preferably transparent. The
substrate can be conprised of quartz or fused silica. We

f | 3Q. bstrate 10. The . | |
preferably a |ight bl odi9HE Tagiivs & ey srctipng e S apech FPSRIGIR. The

opaque | aygheisubBfrafeds ?béférébl’ﬁ’@éhﬁﬁé’e@éf @hgmrtmrwmigmé sustité, prafbrablynost
preferably conprised of chrone with a thickness between 500 A and 1000 A

In an opti dansparent.dine substratengan b spmpsisas ob sugile ar fysad $ilie. er abl y bl ocks

essentially all light f [ 1

substrate 10 preferabl ;wggbn@??ég?ggaéilwgpe%egﬁ sfz?,s'tr%te;eoégﬁ%eordgg@%n 18 and
a third retpyeni2 praferdbbasiight plocking tayef is preferablydubstaintiallyapaguepobiea i oned

bet ween the fi rsl re%i on. 14 Iand t he ﬁe(fond r?ergi ogs 18.. t-le_agﬁ .surlrt])sttrate 10 has
a first suPPagys aygl s meferpaly fomRIper of SNFSPREEPECIOFSHR A 1S Mos

Ref erring peefeily €smprisenef cHlomeawilrah tisicknddscharwaan 800y and 1000 dr.ima first
opening 36 over the first region 14 and a second openi ng 34 over the second

regi on 18. ameption, an lighfdaiugnatayer e anerasyedavalinefeqally Riagkp esepnttally | ayer
si dewal | s. ' opaque | ayer have an initial sidewall angle
with the pﬁgﬂgh@&? estg@gqéﬁﬂgg‘be of the substrate. The sidewall angle is
about 90 degrees. In an exanple shown in figure 3A a

maski ng | ayer 32 (e.g.,resist) is. formed over the e B ferring
to figure 3B, the maski r#‘& F&%? rsuibgtrﬁ%t{%pwg%raﬁg &@ﬁf@gkﬁllsgﬁgélggﬁglng
maski ng opestdrbregidte1®BAd dethiraYegioh 22p Aeferistlippriion fche opird aédipnedsed

usi ng the maski ng Iaéé-:-r 32 as a nask to formthe first oBeni ngu%g over the
first regi 8asiigneghetvesathrdirstgediong!4sand e sacepddedigng 18ediersupstrate

10 has a first surface that the opaque layer is formed over or on.

Referring to figures 3A and 3B, we pattern the opaque layer to
form a first opening 36 over the first region 14 and a second opening 34 over the
second region 18. The first opening and the second opening defined by opaque
layer sidewalls. The sidewalls of the opaque layer have an initial sidewall angle
with the plane of the top surface of the substrate. The sidewall angle is about 90

degrees.

In an example shown in figure 3A, a masking layer 32 (e.g.,
resist) is formed over the opaque layer. Referring to figure 3B, the masking layer is
patterned to form first and second masking openings. The opaque layer is
preferably anisotropically etched using the masking layer 32 as a mask to form
the first opening 36 over the first region 14 and a second opening 34 over the

second region 18.
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The patterns in the nmasking |ayer are typically fornmed utilizing sone mask
iwiting tool. An exanple witing tool conprises the ETEC MEBES 4500,
avai l abl e from ETEC Systens, Inc, of Hillsboro, Oeg. The
chronme pattern 30 can be used to define a desired circuit pattern of a

sem conductor device. Figure 3C shows the step of renoving the resist |ayer
32. B. forma first trench 40 in the first region Referring
3D, we forma first trench resist |ayer 38 over at | east the second region
18. The first trench resist layer 38 has an opening as | east over the first
regi on 14. Referring to figure 3E, we forma first trench 40
inthe first region preferably using the first trench resist |ayer 38 as an
etch mask. The trench can be etching using a anisotropic etch such as
dry-etch process using CHF3 + H2 plasma under certain process conditions.

C. etch the opaque | ayer sidewalls to nmake the sidewall angle |ess than 90

dﬁgr eez . Nﬂ?dpatt%?s(rjlﬁftm matkifg RecAIe typRyay f&h@@\mhiﬁg to make
.t he sidewa an e rring to an
'exanpl e in fPYl gé”a\? Wra/@gﬁ‘?oéfg?&ﬁ?@p@t"w‘“ﬂﬁ%"'(‘}ﬁﬁaﬁ%ﬁqtQ?@rTEQ Mgﬁggl s to make

t he sidewal | 45[leaea|&bld16@'ﬁ ETiEaS Rerdl€ gh€ e Hillsboro, Oreg.

The chrome pattern 30 can be used to define a desired circuit
pattern of a semiconductor device.

Figure 3C shows the step of removing the resist layer 32.

B. form a first trench 40 in the first region

Referring 3D, we form a first trench resist layer 38 over at least
the second region 18. The first trench resist layer 38 has an opening as least
over the first region 14.

Referring to figure 3E, we form a first trench 40 in the first region
preferably using the first trench resist layer 38 as an etch mask. The trench can
be etching using a anisotropic etch such as dry-etch process using CHF3 + H
plasma under certain process conditions.

C. etch the opaque layer sidewalls to make the sidewall angle
less than 90 degrees

Next, we reform the opaque layer sidewalls to make the sidewall
angle less than 90 degrees.

Referring to an example in figure 3F, we preferably etch the
opaque layer sidewalls to make the sidewall angle 31 less than 90 degrees.

The sidewall angle 31 is between 30 and 60 degrees and is more
preferably between 30 and 60 degrees.
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The sidewall angle 31 is between 30 and 60 degrees and is nore preferably
bet ween 30 and 60 degrees. The sidewalls are preferably etched with SF6 -

dry etch. The SF6 etch etches the sidewall to have a

strai ght slope by using proper bal ancing of RF power, etchant gases and
tenperature_ The (e.g., SF6 ) etch preferably does not
significantly etch the trench 40 any deeper. The tip of the

| i ght reducing |ayer 30 where the sl ope edge neets the bottom can be a
shape tip or a rounded tip. Qur sinulation results show good i nage
intensity bal ance performance for sharp tip. Ideally, the shape of the tip
of the chrone wedge nust be sharp. However in real mask fabrication, there
will be small rounding at the tip, which is still acceptable. D.Isotropic
quartz wet etching Referring to figure 3G we preferably
etch the substrate in the first and second regions. The etch is preferably

an i sotropic quartz wet ‘ﬁ\&Qid@%&ll}eégéggef%%rblyeét&%d \J;theSI-eé (&R/ gf\%t[‘t 0 provide a

snoot her topography of the trenc e that the
lisotropic etch forns a sébeffs tatedeibhesdthe sidelvall febaved staaigidsiab® tynd nakes

_t he first tr %&B pz}gpé?%%%%rcingg?%deb%etr,re‘?&%?ut Aglgselssan(a%%Bgl%ltUre.

The (e.g., SFs ) etch preferably does not significantly etch the
trench 40 any deeper.

The tip of the light reducing layer 30 where the slope edge meets
the bottom, can be a shape tip or a rounded tip. Our simulation results show good
image intensity balance performance for sharp tip. ideally, the shape of the tip of
the chrome wedge must be sharp. However in real mask fabrication, there will be
small rounding at the tip, which is still acceptable.

D. Isotropic quartz wet etching

Referring to figure 3G, we preferably etch the substrate in the first
and second regions. The etch is preferably an isotropic quartz wet etch such as a
wet etch. The etch is to provide a smoother topography of the trenches 40 44.

Note that the isotropic etch forms a second trench 44 in the
second region 18 and makes the first trench 40 deeper.

The 2™ trench 44 is optional.

Preferably at this point, light transmitted thru the first region 14
and the second region 18 are about 180 degrees out of phase.

Figure 3G shows sidewalls 36A and 34B of opquage layer 30.

Isotropic wet etch will give a smooth-surfaced curved shape
because the etch rate is uniform - as each point of the surface is removed at the
same rate. For feature with corner, a curved surface will result from the corner
feature. For anisotropic etch, it is a directional controlled by the RF power, etchant

gases, timing and temperature. Hence a straight sidewall can be achieved.
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Preferably at this point, light transmtted thru the first

region 14 and

the second regi'on 18 are about 180 degrees out of phase. Figure 3G shows

si dewal k 36A and 34B of opquage | ayer 30.

| sotropic wet

‘etch will give a snooth-surfaced curved shape because the etch rate is
uniform- as each point of the surface is renoved at the sanme rate. For
feature with corner, a curved surface will result fromthe corner feature.

For anisotropic etch, it is a directional controlled by the RE power,
etchant gases, timng and tenperature. Hence a straight sidewall can be

achi eved.

| | Esupporting data - figures 4A 48 5A and 58

follow ng variables are used in figures 4A 4B, 5A and 5B.
‘defined as the chrone sidewal |
We see that the nost possible diffraction angle for optical

bet ween two nearest feature edges is 180'. At 180" diffraction angle,

optical path for any two nearest feature edges is the shortest.

is has been

angle 31. has been defined in equation (9).
i nterference

The

t he

Fi gure 4A

shows normalized diffracted field | u;lfor [-polarization for different N

‘W determne that Et for N= 1.5 (900 wedge, i.e. square chrone bl ock)

is

t he hi ghest #hong ot her supmarting dataonfigues 47 B3 candPB angl e onwards. This

The following variables are used in figures 4A, 4B, 5A and 5B.
B has been defined as the chrome sidewall angle 31.
has been defined in equation (9).

Woe 'see that the most possible diffraction angle for optical
interference between two nearest feature edges is 180°. At 180° diffraction angle,

the optical path for any two nearest feature edges is the shortest.

Figure 4A shows normalized diffracted field | U¢ |for E-polarization

for different N. We determine that D° for N = 1.5 (90° wedge, i.e. square chrome
block) is the highest among other | U | from 120° diffraction angle onwards. This
shows that 90° wedge (e.g., chrome sidewall angle 31 is 90 degrees) is more
prone to optical interference than angled wedge. We can conclude from figure 4A
the following to minimize or eliminate the undercut that can cause chrome peeling,
we can adopt suitable amount of sidewall angle B to achieve balanced aerial
image. This shows that a 90° wedge is more prone to optical interference than an

angled wedge.
Figure 4B shows the closed-up view of normalized diffracted field

[U? | for E-polarization for different N at 180°. We can conclude from figure 4B
the following: adopting a suitable amount of sidewall angie 31, we can reduce the
diffracted field at 180 deg diffraction angle to close to zero in an effort to reduce
the interference between the 2 corners, regardless of the interference will be

constructive or destructive.
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shows that 90 wedge (e.g., chrome sidewall angle 31 is 90 degrees) is nore
‘prone to optical interference than angled wedge. W can conclude from
figure 4A the following to mnimze or elimnate the undercut that can
cause chrome peeling, we can adopt suitable anmount of sidewall angle 1 to
achi eve bal anced aerial inmage. This shows that a 90 wedge is nore prone to
optical interference than an angl ed wedge. Fi gure 4B shows
the cl osed-up view of normalized diffracted field lu:l for E-polarization
for different N at 1800. W can conclude fromfigure 4B the foll ow ng:
adopting a suitable anpbunt of sidewall angle 31, we can reduce the
diffracted field at 180 deg diffraction angle to close to zero in an effort
to reduce the interference between the 2 corners, regardl ess of the
interference will be constructive or destructive. Fi gure
5A shows nornmalized diffracted field | V;, "for Hpolarization for different
N Ve see that | UTri Tebudnol abusdgmaiiendiaelod o |k Hop! | cal

interference than square wedge for diffraction angle - to 200. W see

‘that the Ef yaladeationrfoediffergt AdWeadgehhaue|faestyled wed@dd havplzefPdr small
interference conpared to a square wedge at diffraction angle of 180 to 200.
At a dif f r actoplicel irgfasense thaw sayare wegge kuldifragtionmegiece h8Gida288t Weat ur e
edges is the ;shaldi axip@aQus tdd [ i pterf annot
D B T i Ve T el s e
field to m nicainparegrio @isaxpisavedaerat difiraniian apglewnh d&0tigt200°. At a diffraction

Fi gure 5B shqgyg j ' ' fi ly U
for Hpolariza ietooﬁq?éo‘plr' ﬂ.%le%:tﬂg?[ nttﬁ%t%e@@%ﬁk%ﬁ@a%béi%ﬁ%{elw%%ghg%t%n Fact ed
field to m nicAnsteictiveeorgestinetivefintgrerenceicaneohbe jsofated endjstimduisbedie can be
optim zed (fgy 304 &/, i ! N : nmount of
interference (eivﬁrf[ﬂwenSI f@eggbzg%\@{%qu%ngage[ggr@éé@n f"%‘%‘?aégmﬁgtgﬁ*é ed quart z.
The resul ts @podhr@dindergyest that a novel design for a phase shift nmask
with an arbitrary angl ed wedge on the chrone face is feasible. A optional
: data biasing The enbodi nent's sl oped opaque sidewal |l is
preferably inplenmented ifigure 58 showsdhé plgsgrhas vieshifnormalizkd difiacted fidged

the first andPebddTPREHtdnlob it b WAL MEEM Rl e il g4 r
from the initd @lnirfi28 tENambE&RDf LAABIRT Q¥Sed R SR WEIJe ¥ dMBR Shtimized
| (for an angle B) for different pitch ratio for same amount of interference (intensity
balance) at 0-degree and 180-degree etched quartz. The results obtained
suggest that a novel design for a phase shift mask with an arbitrary angled wedge

on the chrome face is feasible,

A. optional data biasing

The embodiment’s sloped opaque sidewall is preferably
implemented in an alternating phase shift mask. This sloped sidewall can be
combined with shifter width biasing. That is the width of the first and second
openings can be Biased (e.g., made smaller or larger) from the initial design sizes
to improve the mask performance.
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Shifter width biasing refers to enlarge of the quartz opening to allow nore
light to pass through E.g., the term 90nm bias on mask refers to sizing up
t he quartz opening by 45nn1|arger per edge. For exanple, the
PSM i mage i nbal ance correction can be inplemented through the application
of shifter width biasing conbined with the best taper-angle wedge
chronme-face wal | . The enbodi nent includes data biasing a
determ ned desired circuit pattern. The data biasing m ght be done
enpirically, by trial and error, by using commercially avail able software
such as Tenpest avail abl e from Panoram ¢ Technol ogy of Berkeley, Calif.,
usi ng ot her software, or by sonme conbination of these. Al of this by
itself could constitute prior art nethods, or yet to be devel oped nethods
for data biasing. In one inplenmentation, an initial data bias circuit
pattern to be used in formng the ultinmate desired circuit pattern on sone
substrat e na\Ghifédr vhetasﬁlasingi refedd toyenldrye bk e vartzsbeding e hifowdinoad lt@ﬁt tomiS Kk

types using the sl op op. ed

) Roval T Do (58 BTy EgtHEr o ST il UR Ersketerp o AN B TR o ¢ he
al t - PSM si nglapeaing b@omnelaﬁ'g@rp@hedgm undercut) nask, the enbodi nent sl ope
sidewal | chrone pattern gan be us t.he mas S shown | figures 7A to 7D.
Fi gure 7A shows SSCAAM E?oed(@ﬂ'pé @é‘?/\EEM 'BRPE %l?'f‘(éer?%{fq %”ﬁ%él?ﬁf ure Mask
'using the entogdiermntedsthropg tis siplishtionafiatiter Walebiasing combined with the Fi gure 78
shows a Dual -tr nch Slg?é)ed Si dewal |, Chr e using t he enbodi nent sl oped

si dewal | opac%’é ﬁag?reﬁm wedge chrome-face wal

The embodiment includes data biasing a determined desired
circuit pattern. The data biasing might be done empirically, by trial and error, by
using commercially available software such as Tempest available from Panoramic
Technology of Berkeley, Calif., using other software, or by some combination of
these. All of this by itself could constitute prior art methods, or yet to be developed
methods for data biasing. In one implementation, an initial data bias circuit pattern
to be used in forming the ultimate desired circuit pattern on some substrate may,

at least initially,

. Example Embodiments of other mask types using the slope

sidewall opaque layer

The sloped sidewall be used in any other type masks. For
example, in addition to the alt-PSM single and double trench (no undercut) mask,
the embodiment slope sidewall chrome pattern can be used on the masks shown
in figures 7A to 7D.

Figure 7A shaws SSCAAM: Sloped Sidewall Chrome Alternating
Aperture Mask using the embodiment sloped sidewall opaque layer.

Figure 7B shows a Dual-trench Sloped Sidewall Chrome using

the embodiment sloped sidewall opaque layer.
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Fi gure 7C shows Single-trench with undercut using the enbodi nent sl oped
sidewall light reducing |ayer. o Figure 7D shows a doubl e
trench Sloped Sidewall Chrome with undercut using the enbodi nment.

It is possible to inplenment the slope sidewall opaque |ayer on other type
masks and the enbodinent is not limted to the mask descri bed above.

A. Addi tional exanple enbodi nents In an exanpl e

enbodi ment, a nmask with an half tone layer with sloped sidewalls can be
formed. That is for all the above enbodi nents, the chrone | ayer can be
replaced by a half tone layer. The nonitoring equations for the for the

i npedance wedge can be found in Gaene L. Janes, "Geonetrical theory of

diffraction for electronmagnetic waves", |EE El ectromagnetic Waves Series ,
Institution of Electrical Engineers P. Peregr / 1986-11-01 | SBN:
0863410626. The exanpl e enbodi nent's mask could be a half

tone PSM mask where the I | j .
Anot her exanpl e enbodi mﬂ@%ﬁ@%ogx;}?%@élgﬂﬂeﬁg@@ﬂﬁgggﬂc\g\ﬁ%@e& @Sma of the
‘chrone edges efmbhdimehéblioped sidewalpkgtit neiciriyalagers| oped si dewal | s. Anot her

exanpl e enbodi nent mask n rim shift, PSMaith i dewal | s.
Anot her exanpl e enbodi me‘lzr:]I urﬁab@a%o%s éo%blég??qwg%rgée@gg&(swﬁ:ﬁgqnb%\g&h
si dewal | s.  undercut using the embodiment.

It is possible to implement the slope sidewall opaque layer on

other type masks and the embodiment is not limited to the mask described above.

A. Additional example embodiments

In an example embodiment, a mask with an half tone layer with
sloped sidewalls can be formed. That is for all the above embodiments, the
chrome layer can be replaced by a half tone layer. The monitoring equations for
the for the impedance wedge can be found in Graeme L. James,”Geometrical
theory of diffraction for electromagnetic waves”, |EE Electromagnetic Waves
Series , Institution of Electrical Engineers P. Peregr/ 1986-11-01 ISBN:
0863410626.

The example embodiment’s mask could be a half tone PSM
mask where the half tone layer has sloped sidewalls.

Another example embodiment mask can be a binary mask where
some of the chrome edges (that define the openings) have sloped sidewalls.

Another example embodiment mask can be a rim shift PSM with
sloped sidewalls.

Another example embodiment mask can be a outrigger PSM

with sloped sidewalls.
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B. O her possible shaped of the slated chrone sidewall The sloped (chrone)
'sidewal | can have a rounded shaped (or non-pl anar or- nonlinear shape. For

exanpl e, the sloped chronme sidewall can have a slight non-planar shape due
to mask fabrication process. W can take these shapes of the slated chrone

sidewal | into consideration. Figure SA shows an exanple of a rounded or
curved shaped sidewal | . Fi gure 83 shows anot her exanpl e of
‘a convex or curved sl oped chrone sidewall. The sloped chrone sidewall can

have a slight non-planar shaped due to mask fabrication process.

A curved chrome sidewall can achieve a smaller sidewall angle 31 easier (in
ternms of mask fabrication) than a straight slanted chrone sidewall. C
-non-limting exanpl e Benefits Sone of the exanpl e enbodi nrent can have sone
iof the advant ages:

B. Other possible shaped of the slated chrome sidewall

The sloped (chrome) sidewall can have a rounded shaped (or non-planar or non-
linear shape. For example, the sloped chrome sidewall can have a slight non-
planar shape due to mask fabrication process. We can take these shapes of the
slated chrome sidewall into consideration.

Figure 8A shows an example of a rounded or curved shaped

sidewall.

Figure 8B shows another example of a convex or curved sloped
chrome sidewall. The sloped chrome sidewall can have a slight non-planar shaped
due to mask fabrication process.

A curved chrome sidewall can achieve a smaller sidewall angle

31 easier (in terms of mask fabrication) than a straight slanted chrome sidewall.

C. non-limiting example Benefits
Some of the example embodiment can have some of the

advantages:

PSM image imbalance correction can be implemented through the application
of shifter width biasing combined with the best taper-angle wedge chrome-face

wall.

- © Even a moderated amount of taper-angle helps to partially reduce the image

imbalance.

Through-focus imbalance magnitude is insensitive to shifter biasing, but an

optimal shifter bias makes it symmetric around best focus.

Therefore, shifter bias of 90nm coupled with angled-wedge chrome-face wall

can solve image imbalance without excessive undercuts.
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PSM i mage i nbal ance correction can be inplemented through the application
of shifter width biasing conbined with the best taper-angle wedge '
chrome-face wall. Even a noderated anount of taper-angle helps to
partially reduce the inmage inbal ance. Through-focus inbal ance nagnitude is
insensitive to shifter biasing, but an optimal shifter bias nakes it
symmetric around best focus. Therefore, shifter bias of 90nm coupled with
angl ed- wedge chronme-face wall can solve i mage inbal ance wit hout excessive

‘undercuts. D.non-limting exanpl e enbodi nents G ven the
vari ety of enbodi nents of the present invention just described, the above
description and illustrations show not be taken as limting the scope of
the present invention defined by the clains. | f

advant ageously needed i n enbodi ments descri bed above, the invention will be
divided into a plurality of sections and enbodi nents and be expl ai ned. And,
except for particll arly seedintitinggxaaplesembbdimémtse nothing to do with one
anot her but one of them has sonmething to do with_nodifications, detailed

‘expl anation, suppl ement aP{eBNS ety Yembadimerts of e pregent inyentiod igthe portion
or entire of debaibetitae above description and illfdtF=tiBAE shdwndthi ek IRIBESthe

descri bed above cept for. a case of citation of nunber of elenents or the
li ke (contai FPHF %E%Er Sgipt 'BYeéﬁ%’hfjgﬁneéj %ﬁﬁﬁ'%ﬁ val ue, a quantity, a
.nunerical range or the like), a case of particular specification, a case of

limt to specific nunber? ositi vely and in principle, and the like, the
‘present invention is not' FYYANaggorgY predediBamhadimembdescahed Aegrenthenor e

than or | ess jdvaationokill ®gWilidédinfoheplaRHs] dfisecidHERRId-embodiments and be ~ Fur t her,
(in the enbodi rT@n,ts descri bed_above, ||§<§goes wi t hout sayi ng that conponents

| (i ncl udi ng pPYURBES-{ids PXGRP BT PRRICUIarK epeqityindcgpes. sheydiavainpityrg to do

(1 ndi spensabl @ithené ARotAEEE@HNei M HRIA haNsENEBRTg th @b wihGAGHi@tiomatbiafad ar
‘spem fication a case of what is thought of as indispensable positively

nd
jand in prin C@ﬁq?l@?atlgﬂosqm@npqrﬁ%ry explanation, or the like relative to one portion or entire
! of the other.

Further, in the embodiments described above, except for a case
of citation of number of elements or the like (containing number of elements, a
numerical value, a quantity, a numerical range or the like), a case of particular

specification, a case of limit to specific numbers positively and in principle, and the
| like, the present invention is not limited to the specific number and may be more
than or less than or equal to the specific number.

Further, in the embodiments described above, it goes without
saying that components (inciuding processing steps or the like) thereof is not
always indispensable to the present invention except for a case of particular
specification and a case of what is thought of as indispensable positively and in
principle, and the like.

Similarly, in the embodiment described above, cases of citation of
shapes of components or the like, or/and positional relationships or the like include
something that is in fact close or similar to the shapes or the like except for a case
particular specification, and a case of what is not thought of as indispensable
positively and in principle, and the like. This is also the same about the above-

mentioned numeral values and ranges.
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Simlarly, in the enbodi nent descri bed above, cases of citation of shapes
of conponents or the |like, or/and positional relationships or the like

i ncl ude sonmething that is in fact close or simlar to the shapes or the

| i ke except for a case particular specification', and a case of what is not
t hought of as indispensable positively and in principle, and the like. This
is also the sane about the above-nentioned nuneral val ues and ranges.

Wil e the invention has been particularly shown and described with
reference to the preferred enbodi ments thereof, it will be understood by
those skilled in the art that various changes in formand details may be
made w t hout departing fromthe spirit and scope of the invention. It is

i ntended to cover various nodifications and simlar arrangenments and
procedures, and the scope of the appended clains therefore should be
accorded the broadest interpretation so as to enconpass all such

modi fications and simi | apie (AAGARBH hal BlePbAREALAPSown MR ddstrtd Al med is:

1. A nethod for form ng a phase shift conpr|5|nﬂ provi ding a

:substrate cownfihireergica te tmgfﬁr@ﬁtemb@dmer&s; theeaaligw |hesmdg@wdcbyath@|set hird
regi ons, t he giled fh tfn@QEQHatQ%hQ@s &iaﬁ@% ﬁ#ohﬁ%ﬁ@@@taﬂ@ﬁw Ipb $had@teeond
regions; formng reduci n er on a first major surface of the
substrat e; departlp@frp@rthe BBirit Ard $¢0@ﬁt0f hedovantign! dyeintanged & eavar pariausr ned
light reduci %d ﬂ%&%ns%& é?&uéﬂéiﬁé?@éhénﬁ% r&%dﬂ n%ﬁtgﬁmetse o5XBORE the first

and second regi o rocessrn terne reducing | ayer to
transformt h@psqarw@ﬂaqla!@sémereﬂ@ee pmw bm@@ord@ihe bé@ﬂd@shgtermg@tlom 80 asityl ed

31 devel |'s_hahasin Bk 0 n Hod3forHh Hid 0% Be LAY AbrdcBBu b St ) of

surfitee of t ate erein the an I's i'mprove intensity
. balance of an image formed by |ight transn1tted t hrough the nmask.
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The nethod of claim1 wherein the light reducing |ayer conprises an opaque
| ayer. 3. The nethod of claim1 wherein the |ight reducing | ayer conprises a
half to |layer, 4.The nethod ofelaim 1l wherein the sidewall angle is
between 30 and 60 5. The nethod of elai 1 which further includes form ng
a first trench in the first region of the substrate, .herein said first
trenth extends under he light reducing layer. 6. The nethod of claim1l
whi ch further includes form ng a second trench in said second region of the
subst r at eWhatis ciii@egis hod of claim 1 which further includes formng first
and second trenches in said first and second regions of the substrate
respectively; said first trench and said second trench extend under the
i ght reducing |ayer.
1. A method for forming a phase shift mask comprising:
providing a substrate comprising a transparent material having first, second
and third regions, the third region being disposed between the first and second
regions;
forming a light reducing layer on a first major surface of the substrate;
patterning the light reducing layer to form a patterned light reducing layer
having sidewalls defining openings to expose the first and second regions;
processing the patterned light reducing layer to transform the sidewalls of the
patterned light reducing layer to angled sidewalls having an angle of less than 90°

from a plane of the first major surface of the substrate, wherein the angled sidewalls

improve intensity balance of an image formed by light transmitted through the mask.

2 The method of claim 1 wherein the light reducing layer comprises an opaque

layer.

3. The method of claim 1 wherein the light reducing layer comprises a half tone

layer.

4. The method of claim 1 wherein the sidewall angle is between 30 and 60
degrees.
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8. The method of claim1 which further includes formng first and second
openings with open dinensions that are biased snmaller or larger from
initial design sizes. 9. The nmethod of claim|l wherein the nask is used
for fanning a sem conductor device. 10. The net howherein no phase shilling
| ayer is formed over the patterned |ight reducing |ayer.

5. The method of claim 1 which further includes forming a first trench in the first
region of the substrate, wherein said first trench extends under the light reducing

layer.

6. The method of claim 1 which further includes forming a second trench in said

second region of the substrate.

7. The method of claim 1 which further includes forming first and second
trenches in said first and second regions of the substrate respectively; said first trench

and said second trench extend under the light reducing layer.

8. The method of claim 1 which further includes forming first and second
openings with open dimensions that are biased smaller or larger from initial design

sizes.

9. The method of claim 1 wherein the mask is used for forming a semiconductor

device.

10.  The method of claim 1 wherein no phase shifting layer is formed over the

patterned light reducing layer.
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