WO 2004/ 077154 PCT/ US2004/ 005186 LI THOGRAPHI C PRI NTI NG W TH POLARI ZED
LI GHT BACKGROUND OF THE | NVENTION Field of the Invention [0001] The
present iwoened/onimel ates to high nunerical aperture an@CTIUsR@XgDITING

| ithography. Related Art [0002] Lithographic tools and techni ques are

i ncreasingly called_upon ' t | uti on. For
exanple, in the n§4&?&3@&%§ﬂﬁé%%égﬁﬁggﬁghgﬁgﬁhdg%gﬁﬁﬁI@ﬁﬁ% patterns of
circuit features, such as lines, contact holes, or other elenents, often
need to be printed at a high resolution to inprove the packing density of

. . | : . : . :
eatr es.  such as cont ach s SeobN s b ASVARBERLY G Fi'cui t to.
fabricate. [0003] A well-known parameter relating to |ithography resolution
is the critical dinmension (CD). The CDis the size of the small est

geonetri cal Figld of thedBVSMHPBNh can be forned during, seniconductor device and
circuit rmanufacturing using a given technol ogy. The CI’I tical dinension can

be described as shown in the follow ng function: k (a, /NA), where ?,
is a m(mlaangth dded presenti tipvgiigphyelatra fos higlhe ané am?%r@l and Kk is
t he dlelectr &fhﬁﬁg?_ﬁgnng the trends in lithography is to reduce the
CD by | ower i ng e’ waverd h used, increasing the nuneric aperture, and

reduci ng the value k. [0004] Printing can be difficult in |Iow k

applications. For exanple, contact holes are difficult to print when k is
| ess than OR?aWﬂfﬁbh contrast image of sufficient quality that includes
groups of contacts holes |ike contact arrays is especially hard to print.

[0002] Lithographic tools and techniques are increasingly called upon to print
patterns at a high resolution. For example, in the manufacture of
semiconductor dies or chips, patterns of circuit features, such as lines, contact
holes, or other elements, often need to be printed at a high resolution to
improve the packing density of circuit elements and reduce the pitch of the
pattern. Certain circuit features, such as contact holes or vias, are especially
difficult to fabricate.

[0003] A well-known parameter relating to lithography resolution is the
critical dimension (CD). The CD is the size of the smallest geometrical
features which can be formed during semiconductor device and circuit
manufacturing using a given technology. The critical dimension can be
described as shown in the following function:

=k (A /NA),
where A is a wavelength used in lithography, NA is the numeric aperture, and
k is the dielectric constant. Among the trends in lithography is to reduce the
CD by lowering the wavelength used, increasing the numeric aperture, and
reducing the value k.

[0004] Printing can be difficult in low k applications. For example, contact
holes are difficult to print when k is less than 0.5. A high-contrast image of
sufficient quality that includes groups of contacts holes like contact arrays is

especially hard to print.



WO 2004/ 077154 PCT/ US2004/ 005186 -2 [0005] Techni ques to enhance contrast
using a very high NA and off-axis illum nation have been used but these

t echni quewof2aedo77s snmal | pitches. For exanple, at 157 pemusassloesigéh, 0. 93
NA, the limting pitch (based on resolution) is roughly 135 nm (k=0.4) -
which is too high for certain applications. A so, a forbidden pitch may
occur. This neans that if the illumnation is optimzed for a given pitch,
printing other pitches simultaneously Tray becone i npossi bl e. Forbidden
pitch can be manifested in a low normalized image | og slope (NILS) or poor
CD control for the forbidden pitch. SUMARY OF THE | NVENTI ON [ 0006] The
present000% ent i oTephwyicte® symhenso@mst meingod yefyohighndAoset offtdxihogr aphi ¢

inti it I i d]ight. 00Q7] | nbodj. nent t. t
et on" oeRe bbbt bSE e SRR TG Sh el 7576 custom
pol ari zed) icgaMsRd 4t 0157 hmivagdiendih, PRBSRS hinbtiidmals psH bARE & oduce an

exposure beam A negative photoresist layer is then exposed by light in
t he exposur egedoddion) As clonght| €35 nnPSk=04h -bevhisleds tba ligh foxaeeplain

enbodi ment, radiall | arized.lj ght. i ed in.conjuncti Mt h
chr orr{el ess Igg\%gcl,a%eﬁ t @f%ﬁné éﬁfgb‘i‘iﬁﬁoﬁ%ﬁlf‘é?ﬁf?&a?f'- iﬁlfsu %ﬁ%st :ﬂ%ﬁ lﬁnﬁlﬁe negative
phot or esi St SHuAing8Y i WptindBae @eaki toivdnS HRhAI PesingeVERaMNERKES i Nt i ng

contact holes at various pitches in |ow k applications. Forbidden pitch is
avoi ded. [ 0GOB}ltangoysly mas beempainassible. dlorhifdenmitchean be mesifestehin r adi al |y

pol arized Ilight is wused to il]lum u .axposure beam
A positive ad%\gtng le%%yzi? lﬁnggeeirOgingptemfs %fg’;% égc?;éjqnl?ré)ﬁforﬁlﬁe eﬁé%posur e
beam The mgskhcan be an attenuating PSM or binary mask. In one exanple
enbodi ment, radially polarized light is used in conjunction with

attenuati ng phase-shift masks or
SUMMARY OF THE INVENTION

[0006] The present invention provides systems and methods for improved
lithographic printing with polarized light.

[0007] In embodiments of the present invention, polarized light (for
example, radially, tangentially, or custom polarized) is used to illuminate a
phase-shift mask (PSM) and produce an exposure beam. A negative
photoresist layer is then exposed by light in the exposure beam. A chromeless
PSM can Be used. In one example embodiment, radially polarized light is
used in conjunction with chromeless PSMs, Cartesian quadrupole (C-quad)
illumination and negative photoresists. A very high image quality is obtained
even when printing contact holes at various pitches in low k applications.
Forbidden pitch is avoided.

[0008] In further embodiments of the present invention, radially polarized
light is used to illuminate a mask and produce an exposure beam. A positive
photoresist layer is then exposed by light in the exposure beam. The mask can
be an attenuating PSM or binary mask. In one example embodiment, radially
polarized light is used in conjunction with attenuating phase-shift masks or
binary masks, standard diagonal quadrupole illumination and positive
photoresists. A very high image quality is obtained even when printing

contact holes at various pitches in low k applications.



bi nary masks, standard di agonal quadrupole illum nation and positive

phot oresi sts. A very high image quality is obtained even when printing
cont act hwbeso4t7718ar i ous pitches in | ow k applicati ons. PADURA@4/00:13d.54
PCT/ US2004/ 005186 -3 [0009] To further inprove printing, a custom

pol ari zati on can be used. The custom polarization may be, for exanple, a
conbi nation of radial and tangential polarization. In addition, an
alternating PSM can al so be used to iﬁ'prove print quality. [0010] Further
enbodi nents, features, and advantages of the present inventions, as well
as the structure and operation of the various enbodinents of the present
i nvent i[9 ar e déscfurthedirnprode panting el ovstan tpolarightéorecarebd osadneThe

acconpanyi n rawi ngs.. BRI EF DESCRI PTI ON .OF THE W NG FI GURES, [ 0011] The
acconpanyi p%u%f’g\/vipﬂ_ 1730 é%ayggg, iWcSVBBP]&c éd © E’g’iéﬁo%%/ fagiah apd part of
the specifieatdenfial pdldribatiom! & LOGitiBA CAL AlterhMUBNPSIONCANLs0 bOUSENES With the
description, further serve to explain the principles of the invention and

to enabl e dnperveprinsapalited in the pertinent art to make and use the

i nventigh.g [ 0012 iS.a lit raphy. _syst.em accorgi t o an enbodi nent
of the [Q(E)lroésent }Fr?\g[é% i%nFll?Od["gﬁl?E%] qoﬁ‘%]’&%g’z L 2dyeniaess, hB%sﬁ’é‘?S&H% accor di ng
to an enbodimention, at kel 4riks eiictine\w@d toperatioh @@ 1t vdriots eddoliEncutz 00NMEd- i N

i mage of contact holes in resist on_a wafer. [0015] FIG 3B is a top-view
i mage of coRt At PreepE dnyeRtioasaretdeseribed s datail below1with pefesnca to shrl 4B
illustrate 2p. ti.ng. PSM mask spectra, pX = py = p with on-axis and
off-axis ill unc‘?ﬁr#éat ?g‘%dfgg%l sc?ti vely according to an enbodi nent of the
present invention. [0017] FIG 5 is an inage that shows a limting pitch
wi t h unpol ari zed Iight,

BRIEF DESCRIPTION OF THE DRAWINGS/FIGURES

[0011] The accompanying drawings, which are incorporated herein and form a
part of the specification, illustrate the present invention and, together with the
description, further serve to explain the principles of the invention and to

enable a person skilled in the pertinent art to make and use the invention.

[0012] FIG. 1 is a lithography system according to an embodiment of the
present invention.

[0013] FIG. 2 is a lithography system according to an embodiment of the
present invention.

[0014] FIG. 3A is a zoomed-in image of contact holes in resist on a wafer.

[0015] FIG. 3B is a top-view image of contact holes in resist on a wafer.

[0016] FIGS. 4A and 4B illustrate 2D attenuating PSM mask spectra, py = py

= p with on-axis and off-axis illumination respectively according to an
embodiment of the present invention.

[0017] FIG. 5 is an image that shows a limiting pitch with unpolarized light,
where Co and Cys are the orthogonal and diagonal contrasts, respectively.

[0018] FIG. 6 is an illustration of an example simulation experiment (radially
polarized light is shown for illustration).

[0019] FIGS. 7A and 7B show effects of radial and tangential polarization on

image quality.



where Co and C45 are the orthogonal and di agonal contrasts, respectively.
[0018] FIG 6 is an illustration of an exanple sinmulation experinment

(radi al | ywpabewi7zesd | ight is shown for illustration). [@®CTAS2604@18¢A and
7B show effects of radial and tangential polarization on inmge quality. WO
2004/ 077154 PCT/ US2004/ 005186 -4 [0020) FIGS. 8A - 8C show a conpari son of
three pol ari zati on nodes in an exanpl g of 125-nm pitch (45-degree-rotated
masks). [0021] FIGS. 9A - 9Cillustrafé€ effects of polarization on inmage
quality. FIG 9A illustrates a poor contrast inage of grouped contact

hol es obtained in_a case using unpolarized light. FIG 9B illustrates a
poor coMi®8kt i madlGS: 8Agr 8 shew doFrtaRarishi b€ threhpelanzationrmedes ds enusi ng
tangentially ' L | )C ) tes a high contrast inage of
grouped cont 3@?&@%:‘%29%%{6’3&4}5 ﬁ“%rgg %&'!&hﬁ?%%% radial |y polarized |ight
accordi [@21p an e¥HGSi RN Ilubiigte pffeGe BE polariyeeith b fmafd@dly. G, 10A
illustrates the effect of a tangential polarizer on electric field vectors
in |ight. [0B2silugiates aeor confeast dmegs eheroapedeentast helesaehiteinedinl ari zer on
electric fie j i : - 11A and 11B .are di.agrans
that show thk’%ﬁg tg f:l ol egv]?%trt' Ifjlg?iggd rﬂgdg%ef)? %ocﬂracrof’t}ﬁg MagaOtwi th a
chronel ess, gtoupedabitagt RIk4 abtainediing: tae wihgenbgditary tpobirizkh dight, esent

i nventi on. [%Pé% g‘ke 12 iis.an illustration of an attenuating PSM [0026]
FIG 13 is ah$11@dtystpies s bigh contastimpgpolgrouperd sqntsct digles phiained inC ar e

| mages t hat : ' | | I n the case of
an attenuati ﬁggégs&ﬁ/fﬁg?%ﬁﬁ%fp%?%ﬁ{%%@%F“g{}%‘ggf%&gﬁ%%%%hﬁ ér%ﬂr% prg%erf he present
i nventi on. invention.

[0022] FIG. 10A illustrates the effect of a tangential polarizer on electric field
vectors in light.

[6023] FIG. 10B illustrates the effect of a radial polarizer on electric field
vectors in light.

[0024] FIGS. 11A and 11B are diagrams that show through pitch behavior
using radially polarized light with a chromeless, alternating PSM according to

an embodiment of the present invention.

[0025] FIG. 12 is an illustration of an attenuating PSM.
[0026] FIG. 13 is an illustration of a binary PSM.
[0027)] FIGS. 14A - 14C are images that show effects of polarization on

image quality in the case of an attenuating PSM, 125 nm pitch according to an

embodiment of the present invention.

[0028] FIG. 15 is an illustration of an alternating PSM.
[0029] FIG. 16 shows a chromeless alternating PSM mask layout.
[0030] FIGS. 17A and 17B show diffraction patterns for the 2D chromeless

alternating PSM for on-axis and off-axis illumination respectively.FIG. 5 is an
image that shows a limiting pitch with unpolarized light, where Cp and Cys are

the orthogonal and diagonal contrasts, respectively.

[0031] FIGS. 18A and 18B show images in air (a) and in resist (b) using an
example chromeless alternating PSM.
[0032] FIGS. 19A, 19B and 19C show six aerial images at best focus vs. pitch

using chromeless alternating PSMs and radially polarized light with C-quad.

RECTIFIED SHEET (RULE 91)



[0028] FIG 15 is an illustration of an alternating PSM [0029] FIG 16
shows a chronel ess alternating PSM nmask | ayout. [0030] FIGS. 17A and 17B
show di f fwecnisni7Fatt erns for the 2D chronel ess al t er n2Cirng2008003$166
on-axis and off-axis illum nation respectively.FIG 5 is an inage that
shows a limting pitch with unpolarized |light, where Co and C45 are the
ort hogonal and di agonal contrasts, respectively. (0031] FIGS. 18A and 18B
show images in air (a) and in resist {(b) using an exanple chronel ess
alternating PSM [0032] FIGS. 19A, 19B and 19C show six aerial images at
best focus vs. pitch wusing chroneless alternating PSMs and radially

pol ari 7 edsd/]l ght VFTGS. Goauath 208REfeTspiRhSHHoW {drldl Enddd IR A4 77154
PCT/ US2004/005186. -5 [0033] FIGS. 20A and 20B are graphs that show aeri al

i mge char acteessus Bitfles  ver sus pitch. [0034] FIGS 21A and 21B are exanple

cust om r| zat i i mge in the case
of Unpo[Parl zed | |Ig$§ﬁ)‘% ﬁn& g?gg%)en )43%3 é"rsh%(l) E%%é%l%{gt enuating PSM at n
= 1.5. [00%K6] Fl FIR2R2i 13 ann@eékidh inapgen tie dmesbfﬁmp@lsnmﬁ&ghtamh ene

ul travi oI et _radiation (EUY). conditiaons, [0037] The present invention will
be descri bedlisgonpl quefapeliaideye efiematipg B ¥img>drawi ngs. The drawi ng in

i o t (R The. 0 gk TRF Aol Fad B 5% ek E R el WIRAFbT N o
THE | N\/ENTI ChtiallABEE OFcdadMidahTS 1. Overal | Syst em 2. Discussion and

Simlat 837] Resul tﬁw present invention will be described with reference to the
accompanying drawings. The drawing in which an element first appears is
typically indicated by the leftmost digit(s) in the corresponding reference

number.
DETAILED DESCRIPTION OF THE INVENTION

TABLE OF CONTENTS
1. Overall System
2. Discussion and Simulation Results
A. Introduction
B. Resolution
B.1. Theoretical resolution limits
B.2.  Resolution capability with off-axis illumination lithography
C. Polarization
C.1. Simulation Experiment
C.2.  Effect of Polarization on Image Quality
C.3. Polarized light, Chromeless PSM, Negative photo-resist
C.4. Radially polarized light, attenuating phase-shift masks or
binary masks, and positive photoresists
D. Polarization With Chromeless Alternating PSM
D.1. Chromeless Alternating PSM In Conjunction With Radially
Polarized Light, 100-nm Pitch Nested Contacts



A. Introduction B. Resolution B.I. Theoretical resolution [imts B.2.

Resol ution capability with off-axis illumnation |ithography C.

Pol ari zatworeo@/d7715%i nul at i on Experinent C 2. Effect of Porarsematodiige on

Il mage Quality C. 3. Polarized light, Czrozzzel ess PSM Negative
photo-resist C 4. Radially polarized |ight, attenuating phase-shift masks
or binary masks, and positive photoresists D., Polarization Wth

Chronel ess Alternating PSMD. I . Chromeél ®ss Al ternati ng PSM I n Conjunction
Wth Radially Polarized Light, 100-nmPitch Nested Contacts WD 2004/ 077154
PCT/ US2004/ 005186 -6 D. 2. Through Pitch Behavior, Chroneless Contacts Wth
Radi al |y Pol ari z@d. Li Dhoull-PitcloBdhawior,ol lvonzeddss Contdets WitlER 8diokly

Li t hography F. EUV [0038]. Waile specific configurations and arrangenents
are discussed, it shdAlriasd ldgler st ood that this is done for illustrative

purposes only. A per9Rsmsbbldtdibh the pertinent art will recognize that
ot her configurations ané’ arrangenents can be used w thout departing from

the spirit andEsdepeersiontlithogpapdgent invention. It will be apparent to a
per son skilled€jq$éPe pertinent art that this invention can al so be

enpl oyed in a var y of other applications. [0039] The present invention
provi des systens and nethods for inproved |ithographic printing with

pol ari zed |ight.

[0038] While specific configurations and arrangements are discussed, it
should be understood that this is done for illustrative purposes only. A person
skilled in the pertinent art will recognize that other configurations and
arrangements can be used without departing from the spirit and scope of the
present invention. It will be apparent to a person skilled in the pertinent art
that this invention can also be employed in a variety of other applications.

[00392] The present invention provides systems and methods for improved

lithographic printing with polarized light.
1. Overall System

[0040] FIG. 1 is a lithography system 100 according to an embodiment of the
present invention. System 100 includes an illumination source 102. In an
embodiment, illumination source 102 emits pre-polarized illumination light
along an optical path. Although the present invention is described herein with
reference to pre-polarized illumination light, one of skill in the art will
recognize that unpolarized illumination light may also be used. For example
of pre-polarized light, illumination source 102 can be a laser that emits a laser
beam with a tendency to be approximately linearly polarized. Alternatively, a
polarizer could be added within a laser generator in polarized illumination
source 102.

[0041] The pre-polarized light then passes through a pattern polarizing device
104. As used herein, pattern polarizing device 104 is defined to encompass

any polarizing device including, but not limited to, traditional and custom



1. Overall System[0040] FIG 1 is a lithography system 100 according to an
enbodi nent of the present invention. System 100 includes an illum nation
source 100 20ew/@mis4enbodi nent, illum nation source 102 @mirtus2@w®e36é ari zed
illumnation light along an optical path. Al though the present invention
is described herein with reference to pre-polarized illumnation |ight,
one of skill in the art wll recogni that unpolarized illumnation |ight
may al so be used. For exanple of pre-polarized light, illum nation source
102 can be a laser that emts a laser beamw th a tendency to be
approximately linearly polarized. Alternatively, a polarizer could be
added wi t hi rpoderizaseandgemer plates. i1 ppopelaiizaldlight|iswimitd¢d by illsoinatien 102.

[ 0041] The pre-palarized |ight. then. es through a pattern polarizing
devi ce 104_SO}A@%@Z@%@P@Pﬂg‘ﬂ_ﬁlgﬁtd%ﬂ?gaﬁdﬁbﬁpﬁgﬂﬁgg 'ae_gm_@dﬁ"}% sHelt | ned to
enconpass %on@@x%};@, 0fe GRS of B?O%z@ﬂor Q%a‘ﬂ@f)la{é_. Nt @folaPized M adi ti onal
and custom WO 2004/ 077154 PCT/ US2004/ 005186 -7 pol ari zers and wave pl ates.

| f pre- pol arlighé@s ¢migiad biysllemination spyrce 102 mattatn prlariziogidedcd 004 ipat t er n
pol ari zi ng de¥i ce 19]:6 rﬁ}a%l be ag}i%gol ari zing device such as, for exanple,
one or norerS ange’bl& 7 i e e ve plate. If unpolarized Ilight is

eni ttedqodz]i | | unipgkhn PolAding edek, 1(Mitsh§i’e§1 tRO | pa¢-bélafidedeMimRAN 1S a
pol ari zer rather than a wave plate. [0042] Pattern pol arizing device 104
shapes the pight pup dieriged pradeighiinad iapHngenehis, suak @s patdrgadoppaigener ni ned

t - i ' i.nt.ensi t . F
oo parPaTHER AR AR A B EH 5 WL ER DL B 00 O
i | um nat i onhé ipgdapolbited illadhiiedtioy I afitoz@dially Polarizb@mgantth@ddniallypol ari zed

light, or light with a ‘cust om_{)ol arization. In an enbodi nent, the
i | Tumi nat i oPolarigRe Light i dighii pathea icnstom prlitizations Jarpmaembedimest, dke quadr upol e

(G quad) i b ABne 6 RpHSHe AHARHRR] Suckl 4Bk Yad:Bpliege. herei n as

quad) illumination. Although quadrupole illumination is used herein as an

example, one of skill in the art will recognize that illumination of any source
shape may be used.

[0043] The illumination light illuminates mask 106. Mask 106 produces a
design in the illumination light. One of skill in the art will recognize that
mask 106 can be any type of mask or reticle. In an embodiment of the present
invention, mask 106 is a binary mask. In other embodiments, mask 106 is a
phase-shift mask (PSM), such as, for example, a chromeless PSM, alternating
PSM, or attenuating PSM.

[0044] The light including the mask design then passes through projection
optic 108, which further conditions and processes the light. Projection optic
108 may include one element or a plurality of optical elements. Projection
optic 108 produces an exposure beam that continues along the optical path.

[0045] Finally, the exposure beam exposes wafer 110 according to the design
carried by the exposure beam. In embodiments of the present invention, wafer
110 is covered by a negative photoresist layer. In one example embodiment,
radially polarized light is used in conjunction with chromeless PSMs, C-quad
illumination and negative photoresists. A very high image quality is obtained
even when printing contact holes at various pitches in low k applications.

Forbidden pitch is avoided.



exanpl e, one of skill in the art wll recognize that illumnation of any
source shape may be used. [0043] The illum nation light illum nates mask
106. MaskwOQ6o4r7otbaces a design in the illum nation |i got/usewa/oodisekill in
the art will recognize that mask 106 can be any type of mask or reticle.
In an enbodi nent of the present invention, mask 106 is a binary mask. In
ot her enbodi nents, mask 106 is a phase-shift mask (PSM, such as, for
exanpl e, a chroneless PSM alternating- PSM or attenuating PSM [0044] The
i ght including the mask design then passes through projection optic 108,
whi ch further conditions and processes the light. Projection optic 108 may
i ncl udgoceieg el engnbiher e@bpditieatsiof Yheofressnt invahtical, ensitld 0 iPeojesitbyon  optic
108 produces an, exposure beam that continues. along the optical path. [0045]

Final |y, theéROsiyspPetopwishiaeh osd example i1lyRAEIGA ight B USFHEMSi gn
carried by ?eﬁl%o&ff@é?ﬁgﬁeilllaﬁﬂﬁﬂte | s P AR SRk %h%x?&ﬁ?@'%aﬁl.nvﬁm' on,

wafer 110 is covered by a negative photoresist layer. In one exanple
enbodi nent , positidé ahbtprgsok dayiez éxthbn ghposed bysleght iim tlooefposertei amwi Toh

chronel ess PSMs, C-quad illum nation an egative.photoresists, A very
o moe BRIAER TIRGTSk T LD abRR e Tty I GRTHEE SO IaE at vy i ous

pitches in | ; b &adHi OhRLAORAIR | % 2004/ 077154
PCT/ US2004/ (%g%%dégﬁg%%hﬁ%%%]ﬁﬁsﬁs gt Fligr enb%dl’ %r@%%dééof &ﬁgle(glrag}éﬁggt i nvention,

waf er 110 i slhooinetien al positiysopliatéresistphdt verpdiigh ithageequalifors abgaingl e,
radially poIarizgd I%gpt IS u§§ﬂ i% an enB%%i nt to Hllyninate mask 106
and pr oduce SXT! WRFRLRIHIINERORIACT holes A vappusPIGRGs B % KEPRligsgo™si s t hen exposed
by 1'ighgog7p the @IBOIYE EndiERBxahple IRy SERAMIBRtwhitRthedrésénpol ari zed
light i's used in conjunction with attenuating phase-shift masks or binary
masks, st andeedtion saobalimgleathnigdo| Rolatized itpmanation seateeplddi andvimask

phot or esi st 306 '%e%/fgrrrx tﬁ'ei: garfnel Hlallggor%ué%l cietseYrﬂ;e%i W ‘%iesrﬁgcg[ to system 100. In

system 200, however, a pattern polarizing device 202 is included in projection '

optic. As with pattern polarizing device 104, pattern polarizing device 202
shapes the pre-polarized illumination light into various predetermined
arrangements, such as a radial polarization arrangement, a tangential
polarization arrangement, or a custom polarization arrangement. Optical
components for further shaping and conditioning the illumination light may be
placed before and/or after pattern polarizing device 202. These optical
components are shown as projection optic 204A and projection optic 204B,
and create an exposure beam that continues along the optical path..

[0048] After being shaped by pattern polarizing device 202 and projection
optics 204A and/or 204B, the polarized light exposes wafer 110 according to
the design produced by mask 106. As stated with respect to FIG. 1, wafer 110

may be covered with either a positive or negative photoresist layer.

2. Discussion and Simulation Results

[0049] The following discussion and simulation results is provided to further
illustrate aspects and features of embodiments of the present invention, and is
not intended to limit the present invention. The inventors compared several

approaches to printing 50/50-nm nested contact holes using the Prolith™ 7.1



even when printing contact holes at various pitches in |ow k applications.
[0047] FIG 2 is another exanple |ithography system 200 in which the
present Wwowemtdi’ors4can be i npl enented. Polarized ill um meTiusaooosise 102
and mask 106 performthe same functions as described with respect to
system 100. In system 200, however, a pattern polarizing device 202 is
included in projection optic. As with pattern pol ari zing device 104,
pattern polarizing device 202 shapes %he pre-polarized illum nation |ight
into various predeterm ned arrangenments, such as a radial polarization
arrangenment, a tangential polarization arrangenent, or a custom

pol ari zat i onitlergraphye similatié@ptsystain agdifgptndiing KOA-Tendohe€Cophaplig and
conditioning the illum_ natjaon light nmay, be. placed before and/or after
pattern pol APPBAHESAUFHCBCbED: ofris drRol? lhelawaaﬁ%r&r@ AQUEHRE as
projection %Bﬁéegslﬁﬁ‘hﬁsﬁwiﬂ%gﬁfﬁ%ﬂ %Blaﬁ@&ﬁ&l PR illuAhicheairemaRsEx posur e
beam t hat continues along the optical path.. [0048] After beling shaped by
pattern pol attemiatigg dphasee sBfemasid piCHRSM) om  opfurcsioR 04vithansbeor]l 204B, t he

pol ari zed |ight. exposes wafer 110 according t he design produced by mask
106 e st abbUFARLAT Faphe: T RO g B eremely BielculeRial w t n
either a poshbiye (RIA)REIST- MGy RRRNGIRSIRIET T RRogrdphyD SCUSSi on and

Simulation Results [0049] The follow ng discussion and sinulation results
is proVf@ to fFhehimventpis| fovad dheelimgpoditke affchxisediuminaliar teghige nent s of

the present invyention, is _not intended.to limt 1he pres i nvention.
The i nvent or’&™® !’Sr%lﬁﬁegldwgtgalé? 4fe oggﬂ}agggﬁgggc{og aﬁ}dl ﬂ(]?vlv ﬁdtée gﬁ%\%&aﬁ&%est ed
contact hol esciisbindl tagsiisebi) bAVbe ukbedMB 2DAAALT THE AnE¥eT/ BS2A044D05186 -9
| i t hography simulation system avail abl e from KLA-Tencor Corp. The

appr oaches’ Uiseits 4ra dimtiers:puslad- with Dgihaemel s %temqﬁ@ﬁiP@ﬂicémbﬁ%é_@m enuat i ng
Chr omel css 1 b Aep e iR s e R Rl po bt Aok iR e BB |
speci al embodiments of the present invention, high-contrast images can be obtained
‘ and high-quality contact holes at 100-nm pitch can be printed using negative
photo-resist. Radial polarization according to embodiments of the present
invention can further enhance image quality in example applications involving
immersion. The inventors further compared these findings with results
obtained at an extreme ultraviolet radiation (EUV) wavelength to confirm that
imaging at an EUV wavelength and low NA can also provide excellent

conditions to print 100-nm-pitch contact holes.

A. Introduction

[0051] At present, producing 50-nm contacts with a 100-nm pitch represents a
challenge for optical lithography. Industry roadmaps for semiconductor
devices require 50 nm contacts to be available by 2008. To achieve this
capability before EUV becomes widely available requires a significant
extension to current optical lithography. Even with high-NA optics using a
157-nm wavelength, traditional contrast-enhancement techniques such as off-

axis illumination and attenuating PSM are not sufficient to print 100-nm-pitch



pol ari zati on schenes; inmmersion |ithography with extremely high nunerical
aperture (NA) at 157-nm wavel engths; and EUV |ithography. [0050] The

i nvent or swbaoowdh7vtse [ imts of the off-axis illum nationPCaaispéogwesisean be
pushed with the use of radial polarization and how the nask bias (or
background transm ssion) can be used to optim ze the imge. Resolution
limts are further pushed wth 2D chronel ess alternati ng PSM conbi ned with
the radial polarization. Wth radi al 'E)%I’ari zation enhancenent according to
enbodi ments of the present invention, high-contrast inmages can be obtained
and high-quality contact holes at 100-nm pitch can be printed using
negative phohtct Bslesbf aRadh anopgh quilitat iThereatscamded dgo tuse egsobiionent s of t he

present invention can further enhance inage .quality in._ex | e
appl i cat i onsIPREIS, 1oh “qP?ﬁw’_é‘r@dH’rP.n t?@amgﬁtlﬁwlﬁ%%fhwh 8%%‘&?% t hese
findings wi tﬂsmg?sﬂﬁremfgig %fﬂ%@-tﬁﬁ.gﬁal BXALANE Pk téfenchol afTd.ai atd on (EWV)

wavel ength to ¢ imaging at an EUV wavel engt h and | ow NA can
al so provi deoexedlih ditgrane ofidi ekangle tvafgrith caidactholgsi tResist dayendd2 hol es. A

o1t ch 1 epr egeAIETES (@ ialiraiigact 3PA-om FEAFPRY ROUTAPH. TORALEERGSS oadmaps
for sem condugtiofayedfy) &??rddﬁa@kbﬁa&%&mo@.ntm.ssﬂ qs he imeak laahhe by 2008.
To achieve this tapability before EUV becones wi dely available requires a

si gni fi cant coesactimde paitaro when veavteddpam ebgvel i t hogr aphy. Even with hi gh- NA

optics 1Ng a 7- wavel engt traditional nt ¥ ast - nt

t echni q@ﬁéﬂs uch zligmél?agion%l%ege Pﬁ%fi[}ﬂieﬁ%]}l}ng&h%ﬂﬁél%lﬁﬁeéﬁrgﬁllgﬁg %?rgg not

suf fi ci ent t@oidinéontRes BEBoRdihE o \WRLAARAMEY 61 Bite PreEédISA084IR05TBE - 10

contact holes of a high egaﬂgzh quality. There is a need to use_ resol ution-
Ita-

enhanci ng t doveritera@sed Frod bir expleja deshniggeeto iIMmuey heantast Windaw

glt tae[]git : 29 donprl%l\l{lgfc%al}iﬁ'tefesprli‘ipstt,i g il%tengo%) éiﬂ{ﬂlapcia& %Qn\pe?lﬂgﬁ)zﬁtlﬁhoé%%hié ef erence,

conditions for a high numerical aperture 157-nm system and establish the

minimum pitch that can be printed with adequate image contrast. Next, the
inventors progressively modified the technique to improve resolution
capability. In this way, the present inventions demonstrates an improvement
in results compared with the starting condition of off-axis illumination and a
6% attenuated phase-shift mask (PSM) by first optimizing the polarization of
the illumination, exploring chromeless phase-shift masks, and then by
introducing wavelength-shortening methods such as immersion lithography

and EUV lithography.
B. Resolution
[0053] First, the theory of resolution is examined in the context of printing
contacts. This theory helps explains how one can enhance the resolution of

system for contact arrays.

B.1. Theoretical resolution limits



zooned-in di agram of an exanple wafer with contact holes. Resist |ayer 302
is attached to wafer surface 304. A lithography system (not shown) exposes
resi st | ayoer208027t5@ produce contact hole 306. FIG 3B i ®caruseomagesiss t he
contact hole pattern when viewed from above. [00521 Sinul ati ons were used
to exam ne the optimum printing technique for grouped contacts according
to enbodi nents of the present invent |§2 The inventors used ProlithTm 7.1
to explore techniques to inprove contadct-window printing capabilities.
First, the inventors sinulated conventional |ithographic conditions for a
hi gh nunerical aperture 157-nm system and establish the mninmmpitch that
can be @Bﬁ‘ﬂt ed wik% adPopestadic petipen Of mitch k. INNBK tx, diréntioni andemyt ir g
progressivel i fq nique to i.nprove resol.ution, cagpability. In
this way, t hééregﬁglgglﬁfﬂ%agl\?’? %C?rgﬁlslsglgﬁ&ﬁ?t S Secéet%ﬁpaﬁwﬁf%%%ﬁﬁ W%Oﬁe results
conpar ed wi thatdnecahporichtsgre tivelistly@rogdrtiodl tamiepitch! unmi nation and a 6%
att enuat ed phase-shift mask (PSM by first optimzing the polarization of
the illum nation, exploring chr@mal f_sggilas_ﬁ_ishi ft masks, and then by

i nt roduci ng wavel engt h- short eni @“T”i hods’&uch as i nmersion |ithography
and EUWV |ithography. B. Resolution [00531 First, the theory of resolution
i s exani ned Wifre hen¢ ghatetategsr nypibarsi (AgH-bontadt-S.et@hi s t heory hel ps

expl ai ng w one eph he resol utjion o system for contact arrays.

B.1. T e%ﬁti cal P T ?%%S‘l’ritem%?%ve\?@ngotﬁ4/"6’f | EAPESTIREs8 4 k88 - 11

[ 0054] For dreempdesiiacti c pattern of pitch p,, in the x direction and py in
y direction, the mask spectrumis non zero at discrete spatial frequencies

whose x and y conponents arfAi r};ve)r_ elyy propgrtjonal to the pitch: (fx'fy)
Cpxn ' py X Jy)- px.NA’py.NA

[0056] At a minimum, in addition to the zero order, the first three diffraction

orders must be captured by the lens to ensure sufficient resolution, i.e., the
(0,0), (0,1), (1,0) and (1,1) orders.

[0057] For on-axis illumination, this requirement is equivalent to:

NI AR AR

i.e., fitting a square into one quadrant of a unit radius circle (see diffraction

pattern in FIG. 4A)
ie L, if
e p—NA 1 px_py—.ps

and with diagonal off-axis illumination:

NN )

i.e., fitting a square into the entire unit radius circle (see diffraction pattern in

FIG. 4B),
R ) o
€. p—NA'2 1 P,=P,=p.
[0058] By using this theory, one can establish that at 157-nm wavelength and

0.93 NA, and for grouped contact holes, the theoretical minimum pitch (in x
and y directions) that can be imaged is therefore 240 nm with on-axis
illumination and 120 nm with off-axis illumination. The inventors ran

simulations to further explore the off-axis case.



where n and in are integer nunbers (0, 1, 2, 3 etc.) [0055] Oten, it is
nore convenient to work with normalized spatial frequencies i.e.: nA
(fxI.fy) wopRoddx715pym NA. X) [0056] At a m ninum in addiPCirars2e0a/003186 zer o
order, the first three diffraction orders nust be captured by the lens to
ensure sufficient resolution, i.e., the (0,0), (0,1), (1,0) and (1,1)
orders. [0057] For on-axis illumnation, this requirenent is equivalent to:
f2 <li.e., fitting a square into onelauadnant of a unit radius circle (see
diffraction patternin FIG 4A) i.e. P>_ NAif pX=py = p and with

di agonal off-axis illumnation: X2 ? <2 i.e., fitting a square into the
entire unit radius circle (see diffraction patternin FIG 4B), i.e. P NA

?22if pX=py =P [00 8] sing this_theor ope can, establlshthat at
157- nm wavel engt h and B ﬁ‘i‘%f utigny ¢4geb ’&ﬁbuﬁé‘é colfxts: {llgrasatiqn e

t heoretical m ninmum pltch (P-‘ og(apb,hd y directions) that can be imaged is
therefore 240 nmwith on-axis illumnation and 120 nmwith off-axis

of - a0, Vs SOBES 77858 PemrruidoBi) B diom e B ReB f on
capabi | ity Wilidinafibn X bf-dxid Uiintlakticn Bélhg her e Il R0ROimdzRse| b4 i on can be
I mproved by goi ng from conventional on-axis

itself, insufficient to meet certain quality criteria to ensure sufficient process

latitude in resist. To print nested contact holes, assume that contrast and

normalized image log slope (NILS) must be greater than 0.5 and 1.5,

respectively. See, Graeupner, P., et al, "Solutions for printing sub-100 nm

contact with ArF," SPIE 4691:503 (2002).

[0060] With these requirements, the inventors determined the smallest pitch at
which nested contact holes can be printed in this example. First, example
high-quality conditions for printing low-k, grouped contact holes were
considered. These conditions include:

- 0.9/0.1 Quadrupole illumination with diagonal poles (where 0.9 is the
distance of the poles from the center and 0.1 is the pole radius)

- 0.93 NA

- 6% 1:1 Attenuating PSM

- Unpolarized light incident on the reticle

[0061] By gradually decreasing the pitch, the aerial image contrast in the pitch
direction (C0) can stay above 0.5 as long as the pattern pitch is 134 nm (i.e.
67-nm contacts and spaces). This coincides with a NILS of ~1.5. The
resulting image is shown in FIG. 5.

[0062] The printing resolution pitch of contacts can be improved from 240 nm
to 134 nm by changing from on-axis illumination to off-axis illumination.
Clearly, the smallest resolvable pitch as defined above will change somewhat
when using a slightly different NA or quadrupole. This definition does not
take into account depth of focus (DOF); therefore, the lowest printable pitch is
expected to be larger. This example is sufficient to show that fairly
unconventional means must be used to push the resolution limit down to 100-

nm pitch.



illumnation to off-axis illum nation. Being able to produce an imge is,
by itself, insufficient to neet certain quality criteria to ensure

suf fici erwOopooless4 | atitude in resist. To print nestedPconisaaks/ohtiBes,
assunme that contrast and nornmalized inage |og slope (NILS) nust be greater
than 0.5 and 1.5, respectively. See, G aeupner, P., et al., "Solutions for
printing sub-100 nm contact with ArF," SPIE 4691: 503 (2002). [0060] Wth

t hese requirenents, the inventors detéPm ned the snal | est pitch at which
nested contact holes can be printed in this exanple. First, exanple

hi gh-quality conditions for printing | owk, grouped contact holes were
consi dered. These conditions include: 0.9/0.1 Quadrupole illumnnation with
di agonal poles (where 0.9 is the distance of the poles fromthe center and
0.1 is the pole réadi usholeriomioRn 6% 1: 1 Attenuating PSM Unpol ari zed |i ght
incident on the reticle [0061] By gradually decreasing the pitch, the
aerial image contrast in the pitch direction (CO can stay above 0.5 as

| ong aq0068] pat t eFherpiate efeiwndB4innthe( liteeature 6:6- Tpolartratiew trsatelndg’spaces) . Thi s

coincides with a NILS of 5. The rg%s)ultin {maeis shown.in FIG 5.

[0062] The pFiiRR ity cleedis ﬁﬁjlﬁ'laﬁcfﬁrst RIFTSP WGCEEt & EERIBEY, HSFGYEEC f r om 240
nm to 134 rr:iﬂdbcéng%@%?}clft fiRAD idXdSqatitH S RAMLY. L & Af Praxdcs of

illumnatio e small est” resol’vabl é pi'tch as defined above will
change soneviiaminatiosrcobsiency andspolgtizdtionderf ther mmgingod pttepwathduplsise. Thi s

definition d It dept h, of (DOF):. therefore, th
fowest  pr i nie e 187 G800ty. DERCRID o oG otz BEES T 1
sufficient teghow ﬁohﬁfpr@x%iiféia%% 8@%?%@%%69%@%8{2@0%&1&2 busgs to push

the resolution limt down m pi t ch. [ 077154

PCT/ US2004/ 0p&difie polarization schemes have been suggested for contact holes as in
embodiments of the present invention.

[0064] In the following discussion, the effects of using radially and
tangentially polarized light are revealed. These two types of polarization
enhance image quality for contact holes. Although radial and tangential
polarizations are discussed here, one of skill in the art will recognize with this
disclosure that other polarizations, including custom polarizations, can also be
used to enhance image quality.

[0065] Unless stated otherwise in the following, the NA is 0.93, the
illumination is 0.9/0.1 diagonal quadrupole, and the wavelength is 157.6 nm.

C.1. Simulation Experiment

[0066] The Prolith™ 7.1 simulator used for this work offered a choice of three
polarization modes, namely, x polarized, y polarized, and unpolarized light.
The image for the unpolarized mode was obtained by adding the aerial images
of the x polarized and y polarized modes.

[0067] To simulate tangentially or radially polarized light, a simple
manipulation of the mask orientation was carried out using Prolitht™ 7.1. An
example of the orientation manipulation is illustrated in FIG. 6. Assuming the

poles to be sufficiently small, the inventors first rotated the pattern by 45°.



- 13 C. Polarization [0063] There are references in the literature to
"pol arization matching" in which the electric field vectors overl ap and
result i rwoaeRésmrmssnt erference and consequently in maxiPemraseeragesigeal i ty.

See, Ma, Z., et al., "lInpact of illum nation coherence and pol arization on
the imagi ng of attenuated phase shift masks," SPIE 4346: 1522 (2001).
Linearly polarized illum nation has ?zen used to inprove imge quality for
| i nes of appropriate orientation, bufl speci fic polarization schenes

have been suggested for contact holes as in enbodinents of the present
invention. [0064] In the follow ng discussion, the effects of using
radi al |y andrheydhgecel¢uibtey agobtamage dsing ghiricated dipoledlledinafibesethtxwo types of

pol ari zati on__enhanc ual for ntact haql es | t hough_radi al and
tangenti al % &1 RolqrLzg |1]§HE8%9(§ %8’&%163‘11?1&1’@3’8?11@“@“% ﬁangerpqiape art wll

recogni ze WNé&ttdWée'éoncﬂhﬁé‘ée%ﬂﬁlchlh@éd EREY-oRehiad UFRld PRthindtfonlwigh ng custom
pol ari zati ons, can al so used to enhance imge quality. [0065] Unl ess

stated ot herwpsd polatites hghtl Owbolgrization fun tirngeotig3and Repoladidatinnrfati on i s
0.9/0.1 diago uadrupol e, .and t he wavelength is_.157.6 nm C 1.

Si nul ati on %&%%bl E&qﬂyﬁ@s@gﬁ» TEHRES Brdt %@‘ﬁm g&fmst}lﬁgfl%\ B8%sed for this work
offered a choice of three polarization nodes, nanely, x polarized, y

pol ari zed, and unpolarized |light. The inage for the unpol ari zed mode was
obt ai ned by addi ng theCéer|1éﬂfeqtnﬁ6elynzm01tmIiﬂamQaﬂﬁllZ’ed and y pol ari zed
nodes. [0067] To simulate tangentially or radially polarized Iight, a

sinmpl e manipulation of the mask orientation was carried out using

Prol it H004ST. 1. ArForecoaifikiogf FIGS: DA &fd aBi SHowamhgdd! adih®Radisl bhd ustrat ed
in FIG 6. Assumng the poles to be sufficiently small, the inventors

first rotat é@l&eﬁﬁalp%lﬁwﬁowewcﬁm ooanfEtosie PSPy oY Iwo 5185

difference between tangential polarization and radial polarization is illustrated
in FIGS. 10A and 10B. When light is unpolarized, as shown in view 1002,
the directions of the polarization vectors vary randomly. Once the unpolarized
light passes through tangential polarizer 1004, however, the light becomes
tangentially polarized, as shown in view 1006. Once they are tangentially
polarized, the polarization vectors uniformly circle around a central location.

[0069] Radial polarization acts somewhat differently. As illustrated in FIG.
10B, when unpolarized light 1002 passes through radial polarizer 1008, the
light becomes radially polarized light 1010. Once radially polarized, the
polarization vectors emanate uniformly from the central location.

[0070] The pitch direction is shown as a diagonal line on FIGS. 7A and 7B.
The contrast along the pitch direction is very high, i.e., 0.88 with radial
polarization, while it is very low (0.19) with tangential polarization. At 45
degrees from the pitch direction, contrast is high for both types of polarization.

[0071] With radially polarized light, the image can be optimized by changing
the contact-hole width (i.e., the mask bias) until the contrast is the same in
both the orthogonal and the diagonal directions (with tangential polarization,
no such improvement was observed). A contact-hole width of 85 nm (i.e., 18-
nm mask bias) produced uniform contrast at a pitch of 134 nm (approximately

equal diagonal and orthogonal contrasts), in one preferred example.



-14 They then calculated a first inmage using x-oriented dipole illum nation
wth x or y polarized light (x polarization for radial and y polarization
for tangewoDi2adda7715Mext, a second i mage was cal cul at ed u®CmgiSgemaniané ed
dipole illumnation with x or y polarized light (y polarization for
tangential and x polarization for radial). Finally, the two i mages were
added to obtain the final image. C 2. Effect of Polarization on | mge
Qual ity [0068] For conparison, FIGS.-tA-and 7B show i mages using radial and
tangential polarization, respectively, according to the present invention.
The difference between tangential polarization and radial polarizationis
il lustreo®r] in FAlnatihy, and pbedble\thamvdifyghe backgunmdl teansmthnecasf shown i n
view 1002, the directions of the polarjzati or} vectors vary ra\ndé)m y. Once
[

t he unpol ar ithemask fogthtaip daesaane effest ghhe inKgEems g, Brtradiady Pelsnaed however
the light b genpti y ri.zed, : L i Once t hey
are tangentiEi F?ésué%?glr?ge@g%h%&%fg%z%t f@ﬁnéggmh ?p@x‘?‘ﬁ‘\g‘?‘%nq&@é. rcle
around a centnpalaricethghtpeven[ VA Dut Bafdced. pol ari zati on acts sonmewhat

differently. As iJlustrated in FIG 0 en unpol.arized |jght 1002
passes [Pﬂﬁjugh rﬂealfnpﬁﬁﬁ’egrlieﬁ Pflﬁrbég?r%f‘ﬁc?y\%ﬁ‘? QH? : 8’&@?1 WHIEIPY pol ari zed
l'ight 1010. i Ak le¥amfHear I'fﬁﬁdmir_%l%gl%l sz tcdelt PIsSniMBNat e

uniformy fromthe central |ocation. The pitch direction I's shown as
a di agonal |dndemnosptiEn@s.codactinale 7Bdth Phed.c Mith astialapdmigatine, ptansér di rect i on

i high,.i,e., 0.88 with i al | arizat i while it | |
(0. 1) it b 5oyt 2 BioPeiersi fonmalhBoNget i @ltbsr r Gh cile [sbetn * "
direction, chgbbastasithe BbsbcttiRNe ROAE i§ YRABaIDF iRM86d F3hd SO anl RO74] Wth

radially polarized Ii %ht, t he i mage can be optim zed by changin t he
cont act - hol exmi dEtis (§ fadlowedhley maserepimymifndistrihuted eonirashetound thhe sane in

both the orthogo and -t he .di nal, di rections. ith ngenti.al
pol ari zat i anon%ﬁgat@cﬁsglﬁﬁgpgvg%g a%Msraglt%@¥ P\c}%ﬁl)zfg(wﬁ\asg gﬁ]t%éc 0 ]heotﬁ%n wi dt h of
85 nm (i.e.,3088-NIS mRskvdhés)ovier aigkigmsblatviel ight card. r JGSAZAR - 8¢ ch of 134

nm (approxi mately _ o ]
illustrate the comparison of the three polarization states according to the

present invention. In each of these figures, the pitch direction is shown. FIG.
8A is an aerial image using unpolarized quadrupole illumination at 75 nm
contact width. FIG. 8B is an aerial image with 75 nm contact width using
tangentially polarized quadrupole illumination. Finally, FIG. 8C is an aerial
image, again at 75 nm contact width, using radial quadrupole illumination.
[0074] Polarizing the illumination can improve the resolution limit from 134
nm down to 125 nm. These figures are based on the use of radially polarized
light and a minimum contrast requirement of 0.5 (NILS requirement of 1.5).

C.3. Polarized light, Chromeless PSM, Negative photo-resist

[0075] In embodiments of the present invention, polarized light (radially or
tangentially polarized) is used to illuminate a phase-shift mask (PSM) and
produce an exposure beam. A negative photoresist layer is then exposed by
light in the exposure beam. A chromeless PSM can be used. In one example
embodiment, radially polarized light is used in conjunction with chromeless
PSMs, Cartesian quadrupole (C-quad) illumination and negative photoresists.
A very high image quality is obtained even when printing grouped or nested

contact holes in low k applications. Forbidden pitch is avoided.



equal diagonal and orthogonal contrasts), in one preferred exanple. WO
2004/ 077154 PCT/ US2004/ 005186 -15 [0072] Alternatively, it is possible to
nodi fy t hwokaekygrsund transmttance of the mask to obt 2Ca/ush@49e3m86 ef f ect .
The inventors found that radially polarized Ilight results in an inmge
quality that is superior to that produced with unpolarized |ight, even
when out of focus. [0073] The inproved resolution afforded by the

optim zation of illumination polariziton was exam ned. The mi ni mum pitch
can be reduced to 125 nm and an opti num contact-hole width found. Wth
radial polarization, intense side |obes can be observed at snal

cont actighmy)e W difhsoneTe &l eradliahe poladizedfighels aedtinecopnictios-widd e width is
gradually |ncreased from50 nmto 75 nm_This is followed by a nore

uni formy dichramaless RSMen Cerstiam agediapeln dllupaitian andrﬁ@gaf@s%ph@m ndi cat ed
that th i t
over the ungiiis B £5AA8TE R0 & B ekl ARpp s Mot B BRSO,

of the three:mklaﬁlqﬁm@mesﬂaﬁmaamcong bmamlbies in¢lede it ianvent i on. I n
each of these figures, the pitch directio vtyn FIG B8Ais an aerial
i mage usi ng Lt taquae ﬂa‘aamau%u%ummﬁmﬁ HRG IPUEHO HS YRRt AT 36 wi it h.

FIG 8B is e g dﬁﬁaﬂlea‘ﬂtluﬁﬂ dtibn UsiaRGorakgnasgntial Iy

pol ari zed qg)éﬁld&u%lo én%t@u%#g%?%%égF FI G nEL 19?3 an arerr)%g i mge,

agai n at 75 simulatanst gaformied ty, thelsmwgtorsadm Hle E}R@MHﬁH‘I‘ d.li i;ystemm rrwm on. [0074]

Pol arizing the_illum nation canpécr‘}’grove the res tion Ii m 134 nm
a

down to 125 DRRPCtTRYIYERSE jof ioeage JF BREAtiE OS?Slﬁ’ta?f? Ir'f‘ 12001 ari zed

| i ght and a?&cﬁ}]zg&lmﬁﬁﬂaﬁ&ﬁs&eﬁlgayl rement of 0.5 (NILS requirenent of 1.5).
C. 3. Polari i ght, Chronel ess PSM Negative photo-resist [0075] In

enbodi f80tA of trEIGm ®2en®Cishoerihé offiget pﬁpelanz@wnl drgimagerqudlityl inyhar
tangenti al | rize i.S us hi PS d
pr oguce an )eé‘ ﬁ‘?l?emﬁ %ﬁbtﬂnﬁ‘gg }fe\}gveﬂlﬂ?ff‘ 0 gfesgflﬁ? %Pgwls]insﬁmﬁekéos% g;

9C are simulations of 100 nm pitch, chromeless PSM contact holes using a

157 nm wavelength, 0.93 NA and a resist with a refractive index of 1.78.
FIG. 9A shows a poor contrast image of contact holes obtained in a case using
unpolarized light and quadrupole illumination. FIG. 9B shows a poor contrast
image of contact holes obtained in a case using tangentially polarized light and
quadrupole illumination. FIG. 9C shows a high contrast image of contact
holes obtained in a case using radially polarized light and quadrupole
illumination according to an embodiment of the present invention.

[0078] The minimum contrast of the three types of polarization in this

example is summarized below:

Polarization state Minimum contrast
Unpolarized 0.67
Tangential 0.44
Radial 1.0
[0079] In addition, this technique has the potential to be used at even lower k-

factor (e.g., where k equals 0.26 with contrast larger than 0.75)

[0080] This approach shows no forbidden pitch as demonstrated in FIGS.
11A and 11B. FIGS. 11A and 11B are graphs that respectively plot the CD
(in nm) and NILS over a range of pitches between 100 and 900 nm, according



light in the exposure beam A chroneless PSM can be used. In one exanple
enbodi nent, radially polarized |[ight is used in conjunction wth chronel ess
PSMs, Carwe=oawn7qusadr upol e (C-quad) illum nati on and ne@aTivse003/003186 esi st s.
A very high image quality is obtained even when printing grouped or nested
contact holes in low k applications. Forbidden pitch is avoided. WO

2004/ 077154 PCT/ US2004/ 005186 -16 [0076] In one exanple, radially

pol arized light is used in conjunctiod’with chroneless PSMs, Cartesian
guadrupol e illum nation, and negative photo- resists to push the resol ution
to 1c=0.29. The present invention is not linmted to Cartesian quadrupole

i I'1um nat i one gh/plehek irfeRfivh. eFIGS.C udend Ul B agh@wnibiat NIIL$ridbedndtairepuasar
illumnpnation, illumnation having four-fold symretr ot her

f or an
i |1 uni nat i orbelgyp 2k ifararli sipneated rmitsbese (500 enf (o gﬁcl%rmﬁ%gﬂ%)
si mul ati ons .perf.or i t -n£p5n #ﬁaﬂ m near
per f ect contlﬁcilg?t?n(% gtng%gh@geéuér%\?d%eﬁ{lﬁ%cgg&tl \%e ép:)) ot Ov:l;?ggoé%ljeg 4 r‘gdi ally
pol ari zed_ i I1hﬂjmu@ati on are used. [0077] FIGS. 9A - 9C show the effect of
pol arization on image quality in the sinulation results obtained by the
inventors. The results shown in FIGS. 9A - 9C are simulations of 100 nm

prteh, chromel ess PSMeant g ‘?%’g?rlj(?d NBhA attbrrlatiiD ﬁﬁds%ls%}@%skp- 93 NA and
masks,

aresist with a refractive_in 18- WS a“poor contrast
i mge of contact holes obfgﬁﬁg§§ln a €§§€”ﬁgkﬁgﬁéﬁ?ﬁ§o arized |light and

gquadrupol e illumnation. FIG 9B shows a poor contrast inmge of contact

hol es q@bgijned i Nmang@se cHbblihdn@NGLMd plesyntpiakéttione dadib i tpoiided quadr upol e
illumnation. FIG 9C shows a high contrast imge of contact holes

_olblt ai _nedt i n light éss@sj_d $¢ pigponinate plgﬁsgdniﬁrmqs];lsc{PSh@r?@ldaﬁeld%@ar%pewe
| um nat1 on accordi ng.. t i . . i
e me b A B R IR o BFeE Rl AUSbbRR: [ 0078

. ree types o ar | ron int exanple is
summar i zed hgda@V. The mask can be an attenuating PSM or binary mask.
[0082] An example of an attenuating PSM 1200 is shown in FIG. 12. For

ease of explanation, only cell 1202 of attenuating PSM 1200 is described.
Central section 1204 of cell 1202 is an area of 100% transmission, meaning
that all light of a certain phase passes through. For example, central section
1204 may transmit all light having a phase of 0°. Outer section 1204 of cell
1202 causes the attenuation, in that a lower percent of light of another phase is
transmitted. For example, as shown in FIG. 12, outer section 1206 only
allows 6% of light at a phase of 180° to pass through.

[0083] Alternatively, a binary PSM may be used in the present invention.
FIG. 13 illustrates an example binary PSM 1300. For ease of explanation,
only cell 1302 of binary PSM 1300 is described. Much like central section
1204 of attenuating PSM 1200, central section 1304 of binary PSM 1300
allows 100% of light through. However, instead of allowing an attenuated
degree of light to pass, outer section 1306 prevents all light from passing
through. In other words, outer section 1306 has a 0% transmission rate.

[0084] In one example embodiment, radially polarized light is used in
conjunction with attenuating phase-shift masks or binary masks, standard
diagonal quadrupole illumination and positive photoresists. A very high
image quality is obtained even when printing contact holes at various pitches

in low k applications.



Pol ari zation state M ninum contrast Unpol arized 0.67 Tangential O0.44
Radial 1.0 [0079] In addition, this technique has the potential to be used
at even |weenodwiishactor (e.g., where k equals 0.26 w t RCTAISROESDSIBEGr ger
than 0.75) [0080] This approach shows no forbidden pitch as denpnstrated in
FIGS. 11A and 11B. FIGS. 11A and 11B are graphs that respectively plot the
CD (in nm and NLS over a range of gitches between 100 and 900 nm
accordi ng WO 2004/ 077154 PCT/ UsS2004/ 0 8186 -17 to the present invention.
FIGS. 11A and 11B show that N LS does not drop below 2.9 for all sinulated
pi t ches g)loo to 900 m in 25 nm pitch steps) indicating that all pitches
can be P83t ed siviniudatioas petformdt by Bhedevesiqye surlds ninapitttuctmtacChdles Radi al | y

i i ak i. -shift i A sks, and
Posi 11 ve- phobiizsa B2t EHBLHAP rRATRGD Mhachal BB el CHPY Hutimedons
i nvention, rsdivalllisnapelimpraethent ivdleh fasialls edldriell | ignrivwat fse. Pase- shift

mask (PSM and Produce,an, exposure beam EOSIIIVG photoresist layer is
t hen exposed®H}is| frgft thisysippdatioppgs shewnpaaF G hdApskdCanThe remltat t enuat i ng

PSM or bi nar 0 en ing PSM 1200 is shown
in FIG 12. 8%%5%%' g‘%&ﬁ%ﬁ%ﬁi@@d9%ﬁh§'%%@$‘?m%§%%e-of attenuating PSM
1200 is described. Central section 1204 of cell 1202 is an area of 100%
transm ssi on, aplng—that—all Light of a certain phase passes through.
For exanple, ce 1 Rolprization sfate | Minimain Confrast [t Minimum §HL Sfiavi ng a phase of
0. Quter section Ungarigiedcel | | 9882 causes the B8fenuation, jn that a | ower
percent of |ight| Bingemtetlher pha®e8is transmtitiedz For exanpl e, as shown in
FIG 12, outer seRidigin 1206 onl y.69 1.94

*NILS stands for Normalized Image Log Slope

The present invention is not limited to quadrupole illumination. Further
examples include, but are not limited to, quasar illumination, illumination
having four-fold symmetry, or any other illumination approximating

quadrupole illumination.
D. Polarization With Chromeless Alternating PSM

[0086] Further improvements in the resolvable pitch for contacts can be made
by changing the mask from an attenuating phase-shift mask to an alternating

phase shift mask while retaining the use of polarized light.

D.1.  Chromeless Alternating PSM In Conjunction With
Radially Polarized Light, 100-nmn Pitch Nested
Contacts

[0087] The chromeless alternating PSM layouts chosen for this example study
are of the checkerboard type in which the phase is alternated between, for
example, 0° and 180°. A diagram of a chromeless alternating PSM 1500 is
shown in FIG. 15. The center section of PSM 1500 is highlighted to
showcase the different sections and phases. Sections 1502 and 1504 are areas
that allow 100% of light to pass through with a phase of, for example, 0°.
Sections 1506 and 1508 are areas that allow 100% of light to pass through at a



allows 6% of light at a phase of 180 to pass through. [0083] Alternatively,
a binary PSM may be used in the present invention. FIG 13 illustrates an
exanpl e bwoaoy/@a1300. For ease of explanation, onlyPcelus2a8085186 bi nary
PSM 1300 is described. Mich |ike central section 1204 of attenuating PSM
1200, central section 1304 of binary PSM 1300 allows 100% of Iight

t hrough. However, instead of allow ng 1?_@ attenuated degree of light to
pass, outer section 1306 prevents all ‘filght from passing through. In other
words, outer section 1306 has a 0%transmission rate. [0084] In one exanple
enbodi ment, radially polarized light is used in conjunction Wit h

att enuat i ng R¥Res alEHRe iropa dhal ofrsedtionarlyp02mni <5041t divd axampth, agioas

le if i i sitiv t.Qresi sts. very hi i mage _
qual ity 1o onedPREds0E B IR bl A0 g i amoilowi  ahes i
| ow k appl i cayilightthroifgh? Q0ktedaré lddirietidda00 44005186 - 18 [0085] _
Si mul at | perfaormed by the inventors on 125 nmpitch contact holes using
a 6% at[b@ﬂﬁat i ng PISVICREHA PafiEn Seraringna d POpel-pit¢hocat et byles id compvaed on  showed

[ [ thiRe ' .ar | | i aht was ed., The esults from
Itmages: guplr g&?gﬁoar e sﬂﬁ%t%hﬁeg%@f&%&%ﬁ%%ﬁ% ?Se]iﬁfifr%te ShEN i n FIG 14
are al so surhbabegedasknaydies froLévnkag MaD) &: /PoITaE vaabk ahskl ah&idd ni rruR21d_ I
Contrast M Q;i mum NI .85 Tangential 0.58 1.77 ia

* Un olarized 0.64 1

0.69 1.94 NS @Péﬁﬁswﬂgra Nopthra Y 76 o SPHdg¥02) sadSPersema e pree sént |

ol ude, but et A PR o e elor Rk Bls i Siksron havi ng

four-fol d symskst phascomaslny lntemeationdll patemtatii @n0 HRIIGAX ATRIIODY). The
resulting diffraction pattern for this contact array, with on-axis illumination for
the chromeless mask, is shown in FIG. 17A.

[0089] With on-axis illumination, no diffraction orders are captured by the
lens because the (0,0), (1,0), and (0,1) orders are extinct. With off-axis
illumination, according to an embodiment of the present invention, the (1,1)
family of diffraction orders can be moved into the pupil, as illustrated in FIG.
17B. An image can be obtained with this setup. With one pole, the image is
equivalent to a 1D grating. By combining x-poles with y-poles, a 2D image is
produced. FIGS. 18A and 18B illustrated this 2D image. This image can be
enhanced by using the optimum polarization for the two interfering diffraction
orders from each pole (in the case shown in FIG. 17B, x-polarized light is the
optimum). This is like radially polarized poles with a Cartesian quadrupole.
[0090] Simulations in air and resist (FIGS. 18A - B) were for NA of 0.93,

wavelength 157.6 nm, and the illumination was Cartesian quadrupole (the
diagonal quadrupole presents no advantage but can be used). The four poles
were radially polarized. Both the simulations in air and resist showed nearly
perfect contrast as long as the contact holes were printed in negative photo-

resist. NILS (calculated in air only) was very high (larger than 3, as shown in
FIG. 18A).

D.2.  Through-Pitch Behavior, Chromeless Contacts With
Radially Polarized Light



gquadrupol e illum nation. D. Polarization Wth Chronel ess Alternati ng PSM

[ 0086] Further inprovenents in the resolvable pitch for contacts can be
made by wbangiotgisshe mask from an attenuati ng phase- shipCr/usaaid/00a18an
alternating phase shift mask while retaining the use of polarized |ight.
D.1. Chroneless Alternating PSMIn Conjunction Wth Radially Polarized
Light, 100-nm Pitch Nested Contacts [9@87] The chronel ess al ternating PSM
| ayouts chosen for this exanple study “are of the checkerboard type in
which the phase is alternated between, for exanple, 0 and 180. A diagram
of a chroneless alternating PSM 1500 is shown in FIG 15. The center

secti on [@91PSM 150Borbsddeny ipitchystin dithagraphiydwaye deen Hescribed. eSec;tS@b@,t i ons and

phases. Secti ons 3-and, 1504 al l.ow _10Q% of ,, I to pass
t hrough wi t h 8 h&Z ?rblc}dc]?fl %@@ﬁ%l & ?36 m’éggﬁ?%ﬂ%h 7158 q? are areas
that allow 1 %)@1146 I( F)]t end 885 Xhrepuah "BhdésteidB s %ﬁ)l&i%n itch

PCT/ US2004/ 005186 -19 phase di fferent fromthat of sections 1502 and 1504.
For exanpl e, pbemmw anb @i nfgatus glagemeniavel & dhadaspi(2a@D. Fmarakened area

1580005 0Ll b, BN OBLTSTE IR BRT © O

conposed of fitQ Wﬂubé@ﬁ?ﬂﬁé RBighBEHR Estited hesahb&vmhmteﬁe@baﬁﬁﬁ theas
illustrated in FIG 16. See, nmsk Itﬂf/outs in Levenson, MD., et al., "The

vort ex mask fiektkiof ghe gmim fsagisat doBculiienarg qugpuntered @mmamlrxgzmz) and

G assman, ¢ y S§i ng sudden
phase s h| f t é) geg&(k)tf1 et hOIego&{ﬁa%tveﬁg 2 apaﬂ%?é’:ﬂtt p%}é‘%na na?eq%a eér%tﬁ\/\o
01/22164 A (RfeGhyentdeased emmhnbn fidurdiinf fisracdniditiony ant ardmrrhmsn theesholdont act

array, with on-axis jillumnation for the chropel ess sk, is shown in FIG
17A. to mimic simultaneous exposure and to evaluate the extent of any overlapping
process windows. .
[0092] For this set of simulations, the size of the transparent phase squares

that make up the chromeless mask (see FIG. 16) was gradually increased from
100 nm to 1000 nm in 25-nm stéps. FIGS. 194, 19B, and 19C show the
various images resulting from simulations at best focus for 200-nm, 300-hm,
400-nm, 500-nm, 600-nm, and 1000-nm pitches.

[0093] As a result of the present invention, the image of the contact generally
remains particularly sharp and does not vary significantly in size with pitch. -
This is because the contact forms at the corners of the phase squares. One
threshold necessary to print 50 nm contacts at 100-nm pitch has been
calculated and found to be 0.28. At this threshold, side lobes are seen to
develop for pitches of between 400 nm and 500 nm (see FIG. 19B) and,
hence, assist features are needed to prevent side lobes from printing at these
particular pitches. Side lobes do not appear to be a problem at other pitches
and assist features are therefore not required.

[0094] NILS and contact width have been calculated at the 0.28 t}]reshold for
all pitches (see FIGS. 20A and 20B, respectively). The contact width is the
width of the image at the target threshold (0.28, in this case), and NILS is the
log slope of the image width at the same threshold.

[0095] As shown in FIG. 20B, the contact width varies almost linearly with
pitch for small pitches (approx. 200 nm); this is the regime in which the image

RECTIFIED SHEET (RULE 91)



[0089] Wth on-axis illumnation, no diffraction orders are captured by the
| ens because the (0,0), (1,0), and (0,1) orders are extinct. Wth off-axis
i 11 um natworeposaeadi ng t o an enbodi nent of the present PCRXES200400518¢ he
(1,1) famly of diffraction orders can be noved into the pupil, as
illustrated in FIG 17B. An inmage can be obtained with this setup. Wth
one pole, the inmage is equivalent to ? 1D grating. By conbining x-poles
with y-poles, a 2D image is produced.2 FIGS. 18A and 18B illustrated this
2D image. This inage can be enhanced by using the optinmum pol arization for
the two interfering diffraction orders fromeach pole (in the case shown
in FI G 17B,is yusptieauinz efiothagonali 19 gragings pBeyomd)this Thngs, inporé dkéactadi al | y
olarized poles with a Cartesi.a uadrupgl e.. [ 0090 i mul ations i.n air and
Posist (1 GorisAre acefuiggia if Bigkgt! Ggstieh Rl oumgsie 167 SPIRAL " and ¢ e
i1 1um nat i orpueSe) $ikaR AR fealishiditd ittt pal. SYaHEdRQ an@r esents no
advant age but can beé used). The four poles were radially polarized. Both

t he si nul at ivwavs franthtiorfimtedwhersinote diffpactadl avders cyntriputefte tlie ipmger ast as | ong

as the act ho] es wer.e Rpri d,.i tiye.photo- resist. NLS

(zal ool ai$S %?ﬂ%%@éi@@gy%m%%éﬁg&@%‘ﬁd%f SRS Fi G
18A). D. 2. ,thiEhkamgl Binbmb wREhdsier.s. @Hi@@ﬁﬂi&é!@ss%c%@rbtx 6hute Wiinie Badi al 1y
Pol ari zed Li ?ht WO 2004/ 077154 PCT/ US2004/ 005186 -20 [ 0091] " For bi dden”

pi t ches in lalk pistheap®pnisgh widbeon thesthérdvad, Buies Bue 1§, nm o 108mma| . |

" For bi dden pj or 130 .nm || raph d .bel gw, " SPI 4000: 1140
(2000), andqg{?ﬁa%%ﬂ}) %I]td Sg%lﬁzesﬁkégﬁgtﬁr%\){'ngﬂ e q]ug? E?Ia%rgﬁﬁﬁiapg as phenonmenon
and assi st faeintagespifabe s@ilicity Pl ARGO1880ts(a2d0BY abf@ke df aQliteBN
illumnation angle, the forbidden pitch |lies in the |ocation where the

field producksaeiient patone path HBImiRYIneeRtiRigatiofe sEpIPLCY BIr3EUPRETed fads es Wi t h

the fi gal d @ocﬁ&%.@iﬂ.,gﬁ@éﬁﬂﬁz, eP&f.fi culties are encount ered when
attenpting to

D.3. Custom Polarization

[0097] In an embodiment, custom polarized light is used in place of simple
radial or tangential polarized light. FIG. 21A is a map of an example custom
polarization pattern, where each arrow represents the direction of the field
vectors at a specific section of the light beam. FIG. 21B is another map of an
example custom polarization pattern. Unlike radial or tangential polarization,
custom polarization patterns have a non-uniform arrangement of polarization
vectors. These polarization vectors are shown as arrows in FIGS. 21A and
21B. In an embodiment, custom polarized light, as well as radial and
tangential polarization, can be produced by a pattern polarizing device, such as
pattern polarizing device 104 or 202. The pattern in the pattern polarizing
device is predetermined, and the pattern polarization device can be changed as
necessary to produce the desired polarization. The illumination configuration,
or shape of the illumination light at the illumination source, can be customized
as well. The ability to provide customized illumination, as well as customized

polarization and intensity, optimizes printing.

E. Immersion Lithography



print contact holes of a given size at different pitches., See, G aeupner
et al. The inventors used common illum nation conditions and a comon

t hr eshol dwot2004%7mise si nul t aneous exposure and to eval ualP€Tiuseomdxbass of any
overl apping process w ndows. [0092] For this set of simulations, the size
of the transparent phase squares that make up the chronel ess nmask (see
FIG 16) was gradually increased from,.100 nmto 1000 nmin 25-nm steps.
FIGS. 19A, 19B, and 19C show t he var?8as i mages resulting from simulations
at best focus for 200-nm 300-nm 400-nm 500-nm 600-nm and 1000-nm
pitches. [0093] As a result of the present invention, the inmage of the
contact generally remains particularly sharp and does not vary

i gni fi ly in si i.th pitch ' .This is b t tact f t
the colfiEh o' ¥ EhdfucibgRhbEdecnaid Irnbarioh oS BopPF nt 50 nm
contacts at ybe-immy bihtikasr ReffctsCAl fiel plesht ARGeARHNA T dmBfrdo8. At this

threshol d, side Iobes are seen to develop for pitches of between 400 urn
and 500 ur n lithegsamy@t lgssBiheaspdce bdiwaerethe paejiestionf eioysesh @rmojeetated t o

prevent side_}. fr riAting,at thes partjcul ar pitches. .Side | obes
do not appeg)Ph? gl%gea%@@egw’g% %]t%ho¥h%aﬁg$?1%ﬁéﬁlie n‘ﬁlaﬂégg]ilqﬁgf 3‘%&“&& es are

t heref or e namnieesion ligberdpBPIi¢ls Pstiblean Exeaatiachitoh:@bdlufidy B edncal cul at ed
at the 0.28 threshold for all pitches (see FIGS. 20A and 20B,

respect i vel y¥> mhdowa e 469 npj dorsimglageniammeigntithggrapiy, theayavedangtthe t ar get

t hreshol d ( i i . j he | ope qf the inmage

width at th%aégsﬁ%fe?hﬁpgtshﬁorﬁg%&ivgo@g% RE I, i biln it To8 Lile T act wi dt h
vari es al nodiquid Nearthay coldhpotpitiatly Beoschsevel ! with tachig@blealens A¥sic2® nn); this
is the regi ge i_n which the image RECTIFIED SHEET (RULE 91) V% 2004/ 077154

PCT/ US2004/ 665P86 FG212% & pgmagnefsifimut coredididerart 2Dl -ami pigeh Beyond
this range, smiiGedivil &Gh&Sion lithography according to the present invention. The

NILS is in excess of 1.74; this indicates that this is a viable optical lithography

technique for 50-nm contacts on a 100-nm pitch.
F. EUV

[0099] EUV was also examined, as it affords very short wavelength and,
hence, has a high k factor at 100-nm pitch. An aerial image simulation of the
image using typical EUV conditions (0.6 PC, 0.25 NA, and a binary contact-
hole mask with unpolarized light) confirms that EUV can print very high-
quality 50nm contact images at 100 nm pitch. The result of a simulation using
EUV according to the present invention is shown in FIG. 23.

[00100] NILS and contrast have both been found to be more than 0.7 and 2.5,
respectively, over a 0.4-micron DOF; this indicates that EUV could, under the
right conditions, provide robust imagery.

[00101] The inventors considered several approaches to the printing of 100-
nm-pitch nested contact holes and found that 157-nm and high NA allows the
printing of 134-nm-pitch contacts with good image quality. Further, radial
polarization, in conjunction with a state-of-the-art approach at 157 nm
(attenuated PSM, quadrupole, etc.), can result in a notable improvement

compared with results produced using unpolarized light. The smallest pitch



orders are accommobdated in the pupil. Al though not shown here, the depth of
focus (DOF) shows a change frominfinite (wth ideal nmask, point source,
and wavewbrzoow(77t5@ finite, when nore diffracted ordersPconiseidawvasé o t he

i mage. [0096] As shown in FIG 20A, the NILS for all pitches under
consideration in this exanple remains well above 2.5. This indicates good
exposure latitude for all pitches. C8 tact width, on the other hand,
varies from50 rimto 105 rim (worsf grtch) and stabilizes at about 65 nm
This is quite remarkabl e and has advantages of the sinplicity of the mask
| ayouts and the absence of a pitch- dependent pattern and illum nation

opti m zat i omesobemdpavith, tids atedjprigue @8 15 pm. So¥th rRlial eolaadzatiorand- Shi, X,

et al. D.3. Custom Po]arization 09 n _an enbodi tent, .cust om pol ari zed
L ant s usddiiNERien e Afabine AN 20f AeR e AP A aPTS B | | ght
FIG 21A is oatdi@Reffy supfcdkasnnas ifH848N 100HRpitZREHRAt BRI F N57 Mher e each
arrow represents the direction of the field vectors at a specific section

of the | i ghtThse@mmentmisGound phis stpareacihée bedyy & the besixatnpiZe nou dnoge

pol ari zati o tern. Unljke radia [ .tan tial polarizati0 cust om
ol ar | zat i By ShfunalioteSe CBit B, Rl fln ofl Bttt 4t on
vectors. ThebeerPelaafottiaddmopitche TRy fvafirsSievdvert Ml RivhedsdnhiGB;7 21A and
21B. In an enbodi nent, custom polarized light, as well as radial and

tangential Pt 4P ABtd b, reduativre isten dupethetisal Aluids resulis pohigh-quality devi ce,
such as pat ol &t 1.zl devi.ce . . . n.in t. pattern
pol ari zi ng tuirilgé‘%cgt ?(Zd %@e@gﬁhémlﬁeegﬁ@gﬁ%{qlﬁ%%p{fg@g rﬂrga{;ﬁgg%hz it 1% devi ce
can be changmdgasfor beGasspitch doataptspduce the desired pol arization. The

illumnation configuratiaon, or shape of the illumnation |light at the
i 11 uni r{ﬁéﬂ’&h sourlde sipulatipresylts Freyamarized ipdhe tablafRelemi | ity to provide
custom zed illum nation, as well as custom zed polarization and intensity,
optimzes printing. E Inpersion lithography WO 2004/ 077154
PCT/ US3004/ 00BE8Bod Wavelength (hnm)| NA [Pitch (nm)|Contrast| NILS
Att PSM & unpolarized 157.6 0.93 134 0.5 1.55
light
Att PSM & radial 157.6 0.93 125 0.51 1.47
polarization
Chromeless PSM & 157.6 0.93 100 0.99 3.08
radial polarization
Immersion 157.6 1.395 100 0.62 1.74
EUV 13.4 0.25 100 0.99 5.27
[00103] While various embodiments of the present invention have been

described above, it should be understood that they have been presented by way
of example only, and not limitation. It will be apparent to persons skilled in
the relevant art that various changes in form and detail can be made therein
without departing from the spirit and scope of the invention. Thus, the breadth
and scope of the present invention should not be limited by any of the above-
described exemplary embodiments, but should be defined only in accordance

with the following claims and their equivalents.



-22 [0098] Another lithographic technique, inmmersion |ithography, can also
be wused for the printing of contacts in the present invention. In

i mrer si orwoOl20e40grsaphy at | east the space between the prPojramstéoanozipsi c,
such as projection optic 108, and the wafer, such as wafer 110, is filled
with aliquid. Using imersion |lithography, it is possible to extend the
pitch-resolution limts from 125 nmm down to 100 nm To sinulate i mersion
| it hography, the wavel ength was scal"éé‘by the refractive index of the
imersion liquid (e.g., 1.5). The |Iliquid NA that could potentially be
achieved with a suitable lens designis 1.395 FIG 22 is an inmage of

50- nm cont actHAT BSCRAIMEIDIS:r an pitch sinulated with i mrersion

| it hography according to the present invention. The NVLS is in excess of
1.74; this indicates that this is a viable optical |ithography technique
for 50-run contacts onAanctidit forpghtigdion FwaMonii?RAle: ELV was al so exam ned,
as it affords very short wavel ength and, hence, has a high k factor at
100-run pitch. An aeri@{S imagg si mul ati on of thge i mage _usi n? ,ty(Ei cal EUWV
conditions (0.6 PC, O. NRTOGHANS HlnafYPIHIR adfamh oMathra dRIagZE

unpol ari zed light) confirns hﬁﬁﬁ | gan | r 10 h- pty 50nm
contact images at 100 rannf)liutc 'at1 ehglg’sﬁek%#l gl%mmrm lgfﬁlloorﬂlﬁ%é% r% EWV
according to the present i madaizednadcerdigpvin & npredéBerniBed [d-BAtioN LS and
contrast have both been foun? to be nore than 0.7 and 2.5, respectively,
over a 0.4-nicron DOF; thi PdHbcates that EUV coul d, under the right
condi tions, provide robust imagery. [00101] The inventors considered
several approaches to (bhe piiupfidtggOh A@bk tbuprdaugé:harpel%{a%g fpnrhact hol es
and found that 157-nmand high NA allows the “printing of 134-nmpitch
contacts with good i mage quppsyre bgamtdndr, radial polarization, in
conjunction with a state-of-the-art approach at 157 run (attenuated PSM

quadrupole, etc.), Cartcf esuéx&nogiﬂg% &1%50%941& lh}r/@ "VEIRM fer with light in

the exposure beam.

2. The method of claim 1, wherein said step (a) further comprises
producing polarized illumination light according to a radial

polarization pattern.

3. The method of claim 1, wherein said step (a) further comprises
producing polarized illumination light according to a tangential

polarization pattern.

4, The method of claim 1, wherein said step (a) further comprises
producing polarized illumination light according to a custom

polarization pattern.



conpared with results produced using unpol arized Iight. The smallest pitch
WO 2004/ 077154 PCT/ US2004/ 005186 -23 resolved with this technique is 125
nm Wth wadoalo7psiari zati on, C quadrupol e, chronel ess PalrtEseonatoniige PSM and
negati ve photo-resist, one can obtain nearly perfect contrast inages of
100-nm pitch contact holes at 157 nm The inventors found this approach to
be by far the best at 157 nm | nmage ggality remai ned al nost const ant
through pitch and the inventors did nét- observe a forbidden pitch. The

i nventors discovered that imersion, at 157 nmand in a 1.5 refractive

i ndex hypothetical fluid, results in high-quality inmges at 100-nm pitch,
whi | e EUV condi ti%ns rldsuhethodofelpim Aj whemginagaid step aefyetherf @mptB6s nm pi t ch
contacts. [00102] The szatioﬁn.r suléﬂs* alreltlsunn%gi zed in the table bel ow.
Met hod Vavel engt h ( nmPTRABIERIIEATHAVETHP P S S URIDESCN At t PSM & unpol ari zed
157.6 0.93 134 0.5 1.55 light Att PSM & radial 157.6 0.93 125 0.51 1.47
pol ari zati on Chronel ess PSM & 157.6 0.93 100 0.99 3.08 radial polarization
| mrersion 157.6 1.395 100 0.62 1.74 EUV 13.4 0.25 100 0.99 5.27 [00103]
Wi |l e various enmbodi nents of the present invention have been descri bed
above, it shoul d e urdermastbesdiot daim LHayhersompsicag hsiws sridstpdy): way of
exanple only, and not Iimtation. It will be apparent to persons skilled in
the relevant art that vari s il be nade
therein wthout departi ng%@g%gtapﬁ%‘ﬁglgwﬁR%%@Q%gggé@flh}lﬁ%{aﬁnventi on.

Thus, the breadth andightope of the present invention should not be linmted
by any of the above-

7. The method of claim 1, wherein said step (b) comprises

illuminating a mask to produce an image that includes contact

holes.
8. The method of claim 1, wherein said step (c) occurs in a liquid.
9. The method of claim 1, wherein the mask is at least one of the

group consisting of: chromeless phase-shift mask, attenuating

phase-shift mask, and alternating phase-shift mask.

10.  The method of claim 1, wherein the mask is a binary mask.

11. A method of printing on a wafer, comprising:

(2) producing an exposure beam with polarized

illumination light, wherein the illumination light is



descri bed exenpl ary enbodi nents, but should be defined only in accordance
with the following clains and their equivalents. WO 2004/ 077154
PCT/ US200W0Q0&1B6154- 24- WHAT 1S CLAIMED |I'S: 1. A net hodPCarusped4003img on a
waf er, conprising: (a) producing an exposure beamw th pol arized

illumnation light, wherein the illumnation light is polarized according
to a predeterm ned polarization pattern; (b) illumnating a mask to
produce an inmage in the exposure beaﬁp'and (c) exposing a photoresist

| ayer on the wafer with light in the exposure beam 2. The nethod of claim
1, wherein said step (a) further conprises producing polarized
illumination |ight accordi ngplarized adidahg tpoh apredettindned gtollaizatiol3. The

met hod of claim1, wherein s%i d step (a) further conprises producing

pol arized illumnation |igH?§¢%ording to a tangential polarization
pattern. 4. The nethod of claim1l1l, wherein said step (a) further conprises

pr oduci ng pol ari zed | |y ki@l 4ihraeREpRClRifPnGYs ko Bodagk ar | zat i on
pattern. WO 2004/ 077154 PCT/ US20047005186 -25 5. The nethod of claim 1,

wherein said step (a) furth@mnmﬁﬁblﬂ@éﬁpm%W®h@BEhgdpoIarized quadr upol e
illumnation. 6. The nmethod of claim 1, further conprising before said step

(a): (©) exposing a negative photoresist layer on the wafer with

light in the exposure beam.

12. A method of printing on a wafer, comprising:

(a) producing an exposure beam with polarized
illumination light, wherein the illumination light is
polarized according to a predetermined polarization

pattern;

(b) illuminating an attenuating phase-shift mask to produce

an image in the exposure beam; and

(c) exposing a positive photoresist layer on the wafer with

light in the exposure beam.

13. A method of printing on a wafer, comprising:

(a) producing an exposure beam with polarized
illumination light, wherein the illumination light is
polarized according to a predetermined polarization

pattern;

(b) illuminating a binary mask to produce an image in the

exposure beam; and



emtting pre-polarized Iight to produce illumnation Ilight. 7. The nethod
of claim1, wherein said step (b) conprises illumnating a mask to produce
an i mage wbavo4/qicisudes contact holes. 8. The nethod of pciraisaeok/oosmer ei n
said step (c) occurs in a liquid. 9. The method of claiml, wherein the
mask is at | east one of the group consisting of. chronel ess phase-shift

mask, attenuating phase-shift mask, d alternating phase-shift mask. 10.
The nethod of claim1, wherein the mask~is a binary nask. 11. A nethod of
printing on a wafer, conprising: (a) producing an exposure beamw th
pol arized illumnation light, wherein the illumnation light is WO

2004/ 077154 PCT/ US2004(p05 18posing @ peeitveiphetbrestst dayti og the wafgyreidtet er m ned
pol arization pattern; (b) illunjinatin chronel ess phase-shift mask to
produce an inmage in the exp@dd et?é%‘?ﬁ%r%“t'c) exposi ng a negative

photoresist |ayer on the wafer with |ight in the exposure beam 12. A
met hod of printing on a wafer, conprising: (a) producing an exposure beam
with polarized illumnation light, wherein the illumnation light is

pol ari zed according to a predeterm ned pol arization pattern; (b)
illumnating an at% envamisiegpdfastisgone wafelk cepisisgiuce an image in the
exposure beam and

(a) illuminating a phase-shift mask with pre-polarized light;

(b)  shaping said pre-polarized light to produce an exposure
beam, wherein the pre-polarized light is shaped
according to a predetermined polarization pattern and

intensity pattern; and

() exposing a photoresist layer on the wafer with the

exposure beam.

15. A lithography system, comprising:

(a) an illumination source that emits illumination light

along an optical path;

(b) a pattern polarizing device that converts illumination
light from the illumination source into an exposure

beam with a predetermined polarization pattern;
(©) a mask that produces an image in the exposure beam;

(d) a projection optic that relays the exposure beam for

printing on a wafer.



(c) exposing a positive photoresist |ayer on the wafer with 1light in the
exposure beam 13. A nethod of printing on a wafer, conprising: (a)

pr oduci ngwartoexposdr e beam wi th pol ari zed il1um nati onPCirgiseoo4ishasei n t he
illumnation light is polarized according to a predeterm ned pol ari zation
pattern; (b) illumnating a binary mask to produce an inmage in the
exposure beam and WO 2004/ 077154 PCT/ US2004/ 005186 -27 (c) exposing a
positive photoresist layer on the wafé®-with light in the exposure beam
14. A method of printing on a wafer, conprising: (a) illumnating a
phase-shift mask with pre-polarized light; (b) shaping said pre-polarized
light to produce i@ expaskithegrapepnsystasherf elaimtlie whemsipedidrilzethatioght i s
shaped according to a predeterm ned polarization pattern and iptensity

pattern; and (c) expodighy i prorduesdstlumypaiion, flighty cangh retergin ¢ #71¢ he
exposure beam 15. A I} 3 - 2T istnNg: (a) an illum nation
e AR YR ET aTARERI,

source that emts ill optical path; (b) a pattern
pol ari zi ng device that converts illumnation Ilight fromthe illum nation
source into an exposure beamw th a predeterm ned pol arization pattern;
(c) a mask that produces an inmage in the exposure beam

17.  The lithography system of claim 15, wherein said illumination
light is pre-polarized illumination light, and wherein said

pattern polarizing device is a polarizer.

18.  The lithography system of claim 15, wherein said illumination
light is unpolarized illumination light, and wherein said pattern

polarizing device is a polarizer.

19.  The system of claim 15, further comprising:

(e) a wafer exposed by the exposure beam.

20. The lithography system of claim 19, further comprising a liquid

filling a space between said projection optic and said wafer. )

21.  The lithography system of claim 15, wherein said pattern

polarizing device is included in the projection optic.



(d) a projection optic that relays the exposure beamfor printing on a
waf er. WD 2004/ 077154 PCT/ US2004/ 005186 -28 16. The |ithography system of

cl ai m 15, watreosi7msgai d il lum nation 1ight is pre-pol aripeedszéd4onimat i on
light, and wherein said pattern polarizing device is a wave plate. 17. The
| i t hography system of claim 15, wherein said illumnation light is
pre-polarized illumnnation |Iight, and erein said pattern polarizing
device is a polarizer. 18. The Ii thogl2 phy system of claim 15, wherein said
illumnation light is unpolarized illumnnation |light, and wherein said

pattern polarizing device is a polarizer. 19. The system of claim 15,
further conprisimg (Be alitwgeaphgx pystenh byf t hkirex pbs urehdreimm sa2@. The

| i t hography systemof claim 19, further conprising a lLiguid fil.ling a space
bet ween sai d proj ect i diedeEncth Polarz t1%fpr§m/ 18 Zal.raériﬁg Hq(il‘irlf?& Pphy system
of claim 15, wherein saidpattern polarizing device is included in the

proj ection optic. WD 2004/ 077154 PCT/ US2004/ 005186 -29 22. The |ithography
system of claim 15, wherein said predeterm ned polarization patternis a
radi al polarization pattern. 23. The lithography system of claim 15,
wherein said predeterm ned polarization pattern is a tangenti al

pol ari zati on patd.er n'Tl%e4' nﬁl?)%ra'pﬁl&h%%%ﬁhyoﬁyéfaﬁﬂ‘ OIS,Clx%épei%S’ Sa\{\@er ein said
predetermined polarization pattern is a tangential polarization

pattern.

24. The lithography system of claim 15, wherein said
predetermined polarization pattern is a custom polarization

patterm.

25. The lithography system of claim 15, wherein said mask is one
of the group consisting of: a chromeless phase-shift mask, an
attenuating phase-shift mask, a binary mask, and an alternating

phase-shift mask.

26.  The lithography system of claim 15, wherein said image

includes contact holes for a wafer.

27. A method of producing contact holes on a wafer, comprising:
(a) producing a polarized illumination beam;

(b) illuminating a mask with the polarized illumination

beam to create an exposure beam, wherein said mask



predeterm ned pol arization pattern is a custom pol arization pattern. 25.
The lithography system of claim 15, wherein said mask is one of the group
consi sti rgoabo4/@7shr onel ess phase-shift mask, an atteneamwiusgoogloesss shi ft
mask, a binary mask, and an alternating phase-shift mask. 26. The

| i t hography system of claim 15, wherein said inmage includes contact holes
for a wafer. 27. A nethod of producingocontact hol es on a wafer,
conprising: (a) producing a polarized’illum nation beam (b) illum nating
a mask with the polarized illumnation beamto create an exposure beam
wherein said mask WD 2004/ 077154 PCT/ US2004/ 005186 -30 produces a cont act
hol e i mage in the exposur e Medusps azodtact holexipwgieny the wapesursvbtdmi he
exposure beam 28. The nethog of claim 27, wherein said step (b) further
conprises illumnating a phase-shift mask. 29. The nethod of claim 27,
wherein said step (a) further conprises producing a radially polarized
iIlum nation beam 30.(c)The expdduagia Ghfes waihthe éxposieihm, sai d step (a)

further conprises producing a tangentially polarized illumnation beam
31. The nethod of claim 27, wherein said step (a) further conprises
produci ng a custom polarized illum nati on beam

28.  The method of claim 27, wherein said step (b) further

comprises illuminating a phase-shift mask.

29.  The method of claim 27, wherein said step (a) further

comprises producing a radially polarized illumination beam.

30.  The method of claim 27, wherein said step (a) further
comprises producing a tangentially polarized illumination

beam.

31.  The method of claim 27, wherein said step (a) further
comprises producing a custom polarized illumination beam.

?



