WO 2004/ 077154 PCT/ US2004/ 005186 LI THOGRAPHI C PRI NTI NG W TH POLARI ZED LI GHT
BACKGROUND OF THE INVENTION 4 Field of the Invention [00011 The present
invention relates to high nunerical aperture and inmersion |ithography.

Rel at ed 00021 Lithographic tools and techniques are increasingly

cal | ed m%ztr'\wﬂc%{ﬁ?i nt pattérns at a high Tesol uti on%cp&ﬁz‘@%gﬁ}‘.ﬂ“e, in the
manuf acture of sem conductor dies or chips, patterns of circuit features,

such as lines, qETHOGRAMMICPRINTINGWEH POEARMED LRfygn need to be printed

at a high resolution to inprove the packing density of circuit elenents and
reduce the pitch of the pattern. Certain circuit features, such as contact
hol es or vias, are especially difficult to fabricate. [00031 A well-known

paraneter relating toBACROGROWNIY OFTHE INVENTIONt he critical dinmension
(CD). The CDis the size of the smallest geonetrical features which can be

formed during. sem conductor device and circuit nmanufacturing using a given
t echnol og¥ield b&the liviehtioml di mensi on can be C described as shown in the
*followi ng function: CD =k (X /NA), where | is a wavel ength used in

l'i thography, NA is the nuneric aperture, and k is the dielectric constant.

AToNqoe01§ tr entlEe i predent a@ntiph Yreldest Qo I Bigh CAuhéifeal GipeRlire! QBT i N the

wavel ength used, .increasing the nuneric aperture, and reducing the value k.
[0004] Pr imEEmsipndebossPhyi fficult in | ow k applications. For exanple, contact
holes are difficult to print when k is less than 0.5. A high-contrast inmge
of sufficient quality that includes groups of contacts holes |ike contact
arrays i sRelggdeatal |y 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 féétures, such as contact holes or vias, are especially
difficult to fabricate.

[0003] A well-known parameter relating fo 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

C described as shown in the following function:

CD =k (L/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 2014/ 077154 PCT/ US2004/ 0115186 -2 [0005} Techni ques to enhance contrast
using a very high NA and off-axis illum nation have been used but these
techniques fail for small pitches. For exanple, at 157 urn wavel ength, 0.93

NA, the LMt itch (based on resolution) is roughly 135 run (k--0.4) -
whi ch i s‘%%"ﬁ?ﬁﬁpf or certain applications. Al so, ?Hﬁﬁ“ﬂ{ﬂ@ﬁ'%i tch may
occur. This neans that if the illumnation is optimzed for a given pitch,
printing other pitches simultaneously may becone inpossible. Forbidden
pitch can be manifested in a |low ngtmalized image | og slope (NILS) or poor
CD control for the forbidden C pitch. SUMMARY OF THE | NVENTI ON (0006] The
present invention provides systens and nethods for inproved |ithographic

printi ith p ' | i } nhod; . of. the .present

i nvenllélﬁg}rsl,wI pol a?%@éiaaﬁjgh cgré&gr)g(%trr]f)sfﬂg grvgla'?fé‘gﬁ&gtagﬂg"gﬁﬂlgl ly, or custom
pol ari zed) ilhsninatiof Have bchwstdbitethese tpdhdkpes hillf for RS pltéiEd) Fapd produce an
exposure beam A ne?%t ive ‘Phot qQresi st | aé]gr .is then exposed by light in the
exposure bEAHPIA #nlyEPewavelsngth, G A e imiting grshePaspdl en enbodi ment

radi al |y pelsainiigfdis! 4 i ef=gncon y 2 ess PSMs,
Cartesi an qua_leﬂrlﬁ[gollsefo(q@h&u%osl)u% R ur%i n;\{#gﬁﬁ%‘%@b \#e%gtf%é phot oresists. A
very hi gh eppligetiogsal Alsg, 4 forbidilen piich meyewomheMhisrmenns rthatcifrthact hol es at

various pitghes.in Lo applications. Forbidden pitch is avoi ded. (0008]
In furt herhg%%ac'i]ioﬁreﬁst \é%plg‘fm{%ﬁe 105 & Hiyen rR)@h’c illﬂ?,%ngaﬂhﬁ I 9‘§ arized |ight
I's used t OsiidulthtRotdly Mafbsvasié idpessible Fugkid@dh 2R efi bemMaRRled th POSI ti Ve

phot oresi st | ayer js then exposed_ b )I ight _in the exlgosure beam The nmask

can be an?®}vemalizeddmpgsipgslops orenorr CDrpoptied fasdhegforbiddemhodi ment

radially @Qghari zed light is used in conjunction with attenuating
phase-shi ft masks or binary nmasks, standard di agonal quadrupol e
i1lumnation and positive photoresists. A very high inage quality is

obt ai ned even when pri nigA@MARY 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)

C 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 attennating 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.



contact holes at various pitches in |ow k applications. WO 20114/ 077154
PCT/ US2003/ 005106 -3 [00091 To further inprove printing, a custom

pol ari zati on can be used. The custom polarization nay be, for exanple, a
conmbi nation of radial and tangential polarization. In addition, an

al t er nawogo#BMsEan al so be used to inprove print JOBMUB2004/00FBE101 Furt her
enbodi nents, features, and advantages of the present inventions, as well
the structure and operation of the various enbodi nents of the present

i nvention, are described in detail sbelow with reference to the acconpanying
drawi ngs. C BRI EF DESCRI PTI ON OF TIQIE DRAW NGS/ FI GURES [ 0011] The

acconpanyi ng draw ngs, which are incorporated herein and forma part of the

speci‘fi cation, jl|lustrate the present invenftion and, together with the
descr oﬂ{”ﬁon f o fiether dmproye PENting, ja-fusiompolsization pancke wedt H&Ci nvention and to

enabl e a RGLSANHSKIiZatiEs boe rRebianant biti Al the invention.
10012) FIG 1 |g a I|tho]gé3,aphy system éc%:or |%18 %Egl%gn gﬁyﬁg&mnt of the

. present i rtmgmmﬂrpolapmmﬁ] I la@lition, i ag atetnatinpPSMipéap asssbewseddeor ding to an

enbodi ment, of v t resent invention. 10014) FIG 3A i5 a zooned-in inmge
of cont act™RH 83“? ist on a wafer. [00151 FIG 3B is a top-view inmage
of copbegit hol @grthdd Eﬁﬁdu&ﬁ:leﬁél qeamésrmd[m&ﬁigdil o5. théApreBéht 411 il lustrate
2D attenuati ng PSM mask spectra pX = = p wth on-axis and off-axis

i | | uni nat ilsyenRenspascvell e th GMG%W%&W oféhﬁowon@mmb@ﬁlmpwé present
nventi on tch th
:.In\[30| alrl zeék?@é%hfhmt?)g’ ead&s%{%%gn gg%ﬁ tbﬁlggl\gﬁtﬁééfg%ﬁgé {89(891“ ago\rllmal

contrastsmcmaaymgdew;ngs 100181 FIG 6 is an illustration of an exanple
CSI mul ation experinment (radially polarized fight is shown for illustration).

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 2 Lithography system according to an embodiment of the
present invention.
C [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 illusirate 2D aitenuating PSM mask spectra, px = py

= p with on-axis and off-axis illumination respectively according to an
embodiment of the present imvention.
[6017} FIG. 5 is an image that shows a limiting pitch with unpolarized light,
where Cy and C;s 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.



[0019] FIGS. 7A and 7B show effects of radial and tangential polarization on
i mge quality. WO 20041077154 PCT/ US2004/ 005106 -4 [00201 - FIGS. 8A - 8C
show a conparison of three polarization nodes in an exanple of 125-nm pitch
(45-degree-rotated masks). 100211 FIGS. 9A - 9C illustrate effects of

pol ari zation on inmage quality. FIG 9A illustrates a poor contrast inmage of
gr oupedWOIMHAETIShol es obtained in a case using uan?HB?’f%‘H“’N“@ht. FIG 9B
illustrates a poor contrast inmage of grouped contact holes obtained in a
case using tangentially polarized light. FIG 9Cillustrates a high
contrast inmage of grouped contact hgles obtained in a case using radially
pol arized |ight according to an enbodi nent of the present invention. [00221
FIG | QAillustrates the effect of a tangential polarizer on electric field
vector lig 31-F Sieh the .effect of a radial

pol an@ezppon elhi'(;l érlc}%gf %gl g‘&vvecggag%ﬁnotfl g E‘.ﬂa‘lh%agﬁfm‘é A011A and 11B are
di agr anms tam;ﬁélm\!%hﬁmpmms-ﬂeg?edmimms)usi ng radially polarized |ight

ith h | M d t nbodi t of th
\rl)mr es ei?o%”r‘n\?rerﬁt ie S ?’6‘0‘2@6}&9@3 Eg""i aézgg %ﬁ%ﬁpﬁ%&%ﬁ%ﬁ@ahﬁ? t e(r)luat i ﬁg'“ PSM
(0026) FI Gyplifuitfatcdmh b&dr%ﬁﬁtf@% eQ:If ﬁmgh@é&ﬁ{ac?%l\ﬂm loBEAed ifiaCS: 14A - 14C

are images that show effects of polarization on C inmage quz’illlty I n the case
of an att ecasatusing WweMarizeblight rﬁIGcHBaﬂumawsmgpawwmasemhagémfent of the

present inventi 2 G .15 is an.illustration af | ternating PSM
00361 i aropbed fomact 384 ohiafiea 3% o fep Pt *"‘HG"“@&X [00301 FI GS.
17A and 17&6%]%:@%@&%@%@5@%&&@ ﬁawmhﬁé@m al ternating PSM

for on-axis and of f- aX| S i Jum nation respectlvel y.FIG 5 is an inage that
shows a Ii Arasesing radiallypolaizerhlight ascopting tp pp ambodipentof s pwRENICAS ar e
C invention.
[0022] FIG. 10A illustrates the effect of a tangential polarizer on electric field
vectors in light.
[0023] 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 hight with a chromeless, alternating PSM according to
an embodiment of the present invention.

[0025) FIG. 12 is an illustration of an attenuating PSM.

10026} FIG. 13 is an illustration of & binary PSM.

10027} FIGS. 14A - 14C are images that show effects of polarizatién on
image quality in the case of an attenuating PSM, 125 nm pitch according to an

C embodiment of the present invention.

[0028] FIG. 15 is an illustration of an alternating PSM.

[0029] FIG. 16 shows a chromeless altemating 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 Co 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)



t he orthogonal and di agonal contrasts, respectively. 100311 FIGS. 18A and
18B show images in air (a) and in resist (b) using an exanple chronel ess
alternating PSM [00321 FIGS. 19A, 19B and 19C show six aerial inages at best
focus vs, Qi t {} _using chronel ess alternating PSMs and radi al | Xa pol ari zed

i ght WL -"ﬁ 4. RECTI FI ED SHEET (RULE 91) WD 200M/Tks24i40st

PCT/ US2004/ 005186 -5 [0033] FIGS. 20A and 20B are graphs that show aeri al

i mage characteristics versus pitch. [0034] FIGS 21A and 21B are exanpl e
custom pol ari zation maps. [0035] Fl& 22 is an immersion image in the case
of unpol arized light with diagonal quadrupole and 6% attenuating PSMat n =
1.5. [0036] FIG 23 is an aerial imge at best focus under extrene

ultraviolet ragiati ( conditigns. [0037]. The present, invention wll
v be deéh‘?ﬁ ed w%’@%&@%c%hge%{“ %ﬂta@t? ARy IAge SREFTSESS The drawing in
whi ch an eb&%qﬁtcﬁ.i rst appears is typically indicated by the |eftnost

digit(s) in the corresponding reference nunber. DETAILED DESCRI PTI ON OF THE
+ | NVENTOGM] TABLEIGS2120nm Bt exawpde elstongyalarization mBps cussi on and Si nul at i on

Resul t . L.nt tion.B. Resolution.B | . Theoretical resglution linits
5o MRS i o R 20 Gt e S8 e S ERRGRT bl 8088 oy
Pol ari zat i @iagéaal quadhipuleahd 6% dspeitingPSM &84 = E5.f ect of Pol ari zation on I mage

alit
Q [3036] FIG. 23 is an aerial image at best focus under extreme ultraviolet
radiation (EUV) conditions.
[0037] The present invention will be described with reference to the

accompanying drawings. The drawing in which an element first appears is
typically indicated by the leftmost digit(s) in the corresponding reference

number.
DETAILED DESCRIPTION OF THE INVENTION

TABLE OF CONTENTS
1. Overall Sysiem
2. Discussion and Simulation Resulis
A. Introduction
B. Resolution
B.1. Theoretical resolution limits
C' 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 Aliernating PSM
D.1. Chromeless Alternating PSM In Conjunction With Radially
Polarized Light, 100-nm Pitch Nested Comtacts



G3. Polarized light, Chroneless PSM Negative photo-resist C. 4. Radially
pol arized |ight attenuating phase-shift nasks or binary masks, and positive
photoresists D. Polarization Wth Chronel ess Alternating PSM D.J. Chronel ess

Al t er naty , Ln Conjunction Wth Radially Polari Light, 100-nm Pitch
Nost od B dulsy ) S00 100 oh PCT USP004l 05166 -é’%?""%ﬂ%ﬁgh Pi t ch
Behavi or, Chronel ess Contacts Wth Radially Polarized Light D. 3. Custom

Pol arization E. Imrersion Lithography F. EUV [0038] Wiile specific
configurations and arrangenents ar-g-di scussed, it C should be understood
that this is done for illustrative purposes only. A person skilled in the
pertinent art will recogni ze that other configurations and arrangenents can

be used wit hOUtD.?.lepg‘gﬁdg)&g-ﬁ&ﬁ@%ﬂ%ﬂﬁ Qih;.‘j";w gsg%q%?‘g‘gseﬁ;ht 1??2"? ‘glgpr esent

i nvention. It w arent to a’person sKi rtinent arts
that this inventi onPolenized Gighbe enployed in a variety of other applications.
[ 0039] The present invention provides systens and nethods for inproved

| i t hogr aphi ¢ pﬁ?"?rt ﬂ‘rﬁ"’wl};f’h' ized light. 1. Overall System [0040] FKG 1

is a |ithogr gphmsiNdbe Bddd? ording to an enbodi nent of the C present
I nvention. System 100 i ncludeS an illum nation source 102. In an

enbodi nent, £l B nation source 102 enmits pre-polarized illumnation Iight
al ong an optical path. Al though the present invention is described herein
with reference to pre-polarized illumnation light, one of skill in the art
wi Il recognize that unpolarized illumnation |light may al so be used. For

o ¢ S0P of bl ot sontRAAE T BanREH AFRERYS P nBar |y pol ar i zed
CAl ternati %gbid b&understood that this is done for illustrative purposes only. A person
skilled in the periinent art will recogmize 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.
[0039] The present invention provides systemas 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
C 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 2 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 ligl_lt then passes through a pattem 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



pol ari zer could be added within a | aser generator in polarized illum nation
source 102. [0041] The pre-polarized |Iight then passes through a pattern
pol ari zi ng device 104. As used herein, pattern polarizing device 104 is
defined to enconpass any polarizing device including, but not limted to,
traditi AN ust om W O 2004/ 07715 { PCT/ US2004/ @%ﬂ’é’ﬁ@@*""ﬁwpm ari zers
and wave plates. If pre-polarized light is emtted by illumnation source
102, pattern polarizing device 104 nay be any pol ari zing device such as,
for exanple, one or nore of a polarizer or a wave plate. |If unpolarized
light is emtted by illum nation source 102, pattern polarizing device 104
Is a polarizer rather than a wave plate. [0042] Pattern polarizing device

104 shapes_t re-pol arized jel l.nati.qn. . Light into various predeterm ned
arrangeme sﬂ,}%g%c%da‘évgé’flé% ngtplL‘%E& %ﬁgg}% 15 &} '“4 HY MV%t terns. For
exanpl e, paifce2,nsitem polaizirgelevive 100 mayee i poRricng Wevies Sadpo! ar i zed

ilTumnation_light into radially polarized |ight, tangentially polarized
light, or 3 §WeEXappls, eeQsInge0f8 Pelarizeqrsn wave plte- clfwaeladsad, ~ t he

i 11 um nat i@ bd Gitkied § ﬂ}bﬁi‘ﬁﬁﬁ' lsSarkd § .Q@e}rﬁ. g‘glii o r{esi an quadrupol e
(G quad) 1 urﬁgltlr}a?ﬂi 036. Al't oggh qua%po el u#gggﬁ?eo%égused herein as

an exanplwlarzeerather thin & waveplsthe art will recognize that illumination of any
sourc hape be used. [0043] The illum natjan Jight i]lum nates mask

106. @8@% 106 Fr%ﬁﬂfc%"ga”&mgdé??‘ﬁnl?“ns L"I"l WH!S‘FF‘?BJM Honone of skill in
the art wilght 6 @R Eprédubdmined Sl QRN sk 1&&%@%&@&% or reticle. In
an enbodi ment, of the present invention, nask 106 is a binary mask. |n other

Cerrbodi ment2d ntaagty padernss For expraple. pattpmpolasiziog dowkg 104 may shape f or exanpl e, a
chronel es h:0g: - G : Hatl 4] The light

I ncl udi ngst%lﬁﬁmr%g# gm gn t ogflil g&%ﬁ‘ﬂ%ﬁg%ﬁ% ?i&%ﬁﬁt%ggtic 108, which
further caqmelirzed hightacdlight oriths s esstom epolarightion. Pnogreebatimenp) the 108 nay

i ncl ude Onxﬁlmnnagel 7 onnlggh?{s qauagml ]%19 %ﬂutrr}{na%fon,os%%lll gsaéar?elsi%nn%&(ﬁﬁpog(%-em 'on

quad) illummation. 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 Iight. 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

C 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 tayer. 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.



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 enbodiments of the present invention, wafer
110 is covered by a negative photoresist layer. In one exanple enbodi nent,
radi al | YWOHPT74¥d fight is used in conjunction wit PCIHIS3PHH08HE6 PSVE, C quad
i 1lumnation and negative photoresists. A very high image quality is
obtained even when printing contact holes at various pitches in |ow k
applications. Forbidden pitch is gvoided. WO 2004/077151 PCT/ US2004/ 005186
-8 [0046] In other enbodi nents of the present invention, wafer 110 is
covered by a positive photoresist |ayer. For exanple, radially polarized

light. is used in an enbodi to il]lumnate mask 106 and produce an
expos[?péﬂbeam %03%@%@“%&%%‘&%{@%%?@%%&8 BB by 1ight in the
exposur e begditivebhoR8ish B erS FHOGLABRL radlaBY balaliYed s #&fid dght s used in

conjunction with  attenuating phase-shift” mmasks or  binary masks, standard

di agonal cuehddopent go iilimingienmesko b0 aent poxiuce ve gposuny dsimt sA A very high

i mage qual jty. is,obtained C even wh ninting contact, hol at various
pitches i rms%lv‘{/e Wh%%ﬁsﬁs{gg fonhs eﬁgﬁ%@ﬁﬁgﬁf mzﬁ?gx%%ehbcflameglinpl e lithography
syst em 20Gmbthervebbdiiat, REdSIBN polatifedelflit 08 wsed iR cconjiatwiemidd. Pol ari zed

il'lum nation source 102 and_mask, 106 performthe sane functions as
descri bed affervating phassshifigmasks op pinaryomask, stapdandcdipgrgel qusdmpoler | a pattern

pol ari zi n -gﬁiﬂ'a- %8?;)6 sl i W. -] G, ith pattern
pol ari zi ngu evil f,égn 4, S%lgté?gét%&g%%fa% ZI ngfégfad\llllggaeq%‘@9J Esoﬁég%égl t he

ér e- pol ar ieveniwhén prnting contact hplghat viarious prishdsdon owk epfdicationisned  arr angenent s,
uch radi lLarization arrangement. a,fangenti al olarization
arran nt, oillgg%@8@\%%@?%2%%%?@?4’%%%@Wtq”.emﬁﬂ)ﬁeé’é‘%emcorrponents f or
further sHapnten aatbe ansléhénal. NBoladed iilldhihiat sodfeel i0ghindrmskbe pl aced
before and/or after pattern polarizing deyice 202. These optical conponents

are shown 98 nsrigime e Smedpratiensigdesapad prity wererr wypemcl®odB,  C and create
an exposureubaamh! NiRtevaOR phRHEFoI 20V RE 20Ptd nadRAk Projection

optic. As with pattern polarizing device 104, pattern polarizing device 202
shapes the pre-polarized illmmination light inte 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,
C 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 Resulis

[06049] 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



[ 00481 After being shaped by pattern pol arizing device 202 and projection

. optics 204A and/or 204B, the polarized Iight exposes wafer 110 according to
the design produced by nmask 106. As stated with respect to FIG 1, wafer 110
may be th either a positive or negative photoresist |ayer. 2.

Di SCussi'0 fﬁ‘g?{g” g‘*rrul ation Results [0049] The fol | owifJ/ @R {¥¥%on and
simulation results is provided to further illustrate aspects and features
of enbodi ments of the present invention, and is not intended to limt the
present invention. The inventors cgppared several approaches to printing
50/ 50-ri m nested contact holes using the ProlithTM 7.1 WD 2041/07715-1

PCT/ US2004/ 005186 -9 lithography sinulation system avail able from

KLA—Tencor roaches u f-axi s quadrupol e
il luninati otgg m?’é‘ﬂﬂ%?‘ Fﬁg%ﬁé’sz%&ﬁf"f“ m’[\%"f% éB‘B’r muﬂbed pol ari zation
of the illapprosalidsoimsed Ghslade | Fbaxis Quidelippdd ilhgnipkRpCar bfidnui@gks (CAPSM in
conjunction wth special polarization schenes; imersion |ithography with

- extrenel y Peggsnf optigtised polarization oftthe Slumingticas, eremglesss: and EUV

l'i t hograp 0 € gl A\ r %{gg@d h f-axis

111 um nat |h‘<¥5tr‘;ﬂ14 % g’%]aue Sljf:lg\rﬁ%gé)pﬁ:s e vm]"thh%?‘lﬂgﬂatﬁgg % I’g.%l al’ pol arization
and how thmlmkoxbsmmgmimn@rmmogrw mﬂanﬂmmﬂyh@l maeribal used to

optim ze the. i oI ut e} m {95 er pushed with 2D chronel ess
alternatlnﬂ’ﬁgma% i eqe"tgh@@ﬁyl PEP%ation. Wth radial

pol ar [opsbj on e”ﬂﬁﬂﬁ@dﬁwﬁ fﬁﬁﬂ%&ilﬁﬂsfoﬂthe%ﬂlﬁﬂbﬁmﬂﬁﬁaﬁﬁnfeﬂﬁn gesent invention,
hi gh-contrast i nages can be obtained and high-quality contact hol es at

100- nm pi t%8 @Mmmeéaeeérw@lﬁe@az B ang how dhe ml@blas fRidi al
Cpol ari zat i Qe AN zrggﬁ)%r{ggg %o ggm{]ﬁg RL %ﬁg Re%\{ml on can further

enhance i mage qua |ty I'n exanpl e applications 1nv V|ng I mer si on. The
i nventors Hnntsdlretfmﬂmnpuahedimthéﬁecﬁmmdesa@ﬁmﬁﬂg PS3M wbtbined ptithi ned at an

extrenme ul radi at vel ength to confirmthat imaging at
an EUV vvavtb é?fbé]kp“g mﬁtgﬁ‘%’e %h%@ﬁ’?laé’ﬁ?rdm@otﬁdl tions to print
100- nm pi t GhbodRidnds &f t'h@ |pﬁ&ent 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



C A Introduction [00511 At present, producing 50-umcontacts with a 100-nm
pitch represents a challenge for optical l|ithography. |ndustry roadmaps for
sem-conductor devices require 50 nmcontacts to be avail able by 2008. To
achi eve i ability before EUV becones widely available requires a
signifié%ﬁ?ﬁwgﬁﬁgnsion to current optical IithograpREVEFEHMEIBH hi gh- NA
optics using a 157-nu wavel ength, traditional contrast-enhancenent

techni ques such as off- axis illum nation and attenuati ng PSM are not
sufficient to print 100-nm pitch \Wpp2004/ 77151 PCT/ US2004/ 005186 - 10
contact holes of a high enough quality. There is a need to use resol ution-
enhanci ng techniques in addition to quadrupole illumnation with attenuating

PSM for th | AL f . 100- ' ts r reference, FIG 3Ais a
zooned- i n gcfn(%:# gh%c%?fgr@éxgnr?%%%r %ehgcao%ﬁeggf’ ‘HSIr%sé’ﬁl 'si st |ayer -302

i s at t acheehHafcing feeliniques i addifiéiito ghalinupdle Gihaninaticywite Mtématingshown) exposes
resist layer 302 to p'_odlﬁice contact hol e 306. gl G 3B .is an inmage of the
contact hof roipe At [RGamattel sertanio\Eor ehmes, BiGnddalsitns were used to

exam ne th LBl S¥ dnStadn %&%ﬂ%@&ﬁé&%&%t% rts according to

enbodi ments of the present 1nvention. The 1nventors u olith 7.1 to
expl or e t eishattached do wafer mpfage 8040t litbographydyystempnotnstiony) esguadsi | i ties. First,

t he inventors, si ted convent,igna ith aphi.c conditigns for a high
numerical % @&%‘ﬁ@s‘?ﬂ?ﬁ“&%ﬁ’@?ﬁqg}?ﬁf é@f agﬁas *HE™ FART ﬁ*"pi tch that can
be print edcdﬂggchh(ﬂ@lpwéﬁi@hdnrm@eedm givye. Next, the inventors progressively
nodi fied the technique to inprove resolution capability. In this way, the

r esef05Zhv ent i Bmelatensovae perdds expmina e Apsiam prijtingrledhniqus fonpared with the
ét arting CQ'EE%?I oTsPan agégrajaélﬁ %bb&iiﬂcf}étdﬁﬁe %Péie:ﬁ in@t%ﬁighf ﬂmat ed phase-shift

mask (PSM irst optimzing e polarization of 't i1 Tum nati on,
expl ori ng mmu@i’rqdhh@‘eltm éxplare tekniques do inpgrovergontachvimddwei ng
wavel engt o h b e e BeoR ik R o kil T 3R

{
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

C 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



C and EUWV lithography. B. Resolution (0053] First, the theory of resolution
Is examned in the context of printing contacts. This theory hel ps expl ains
how one can enhance the resolution of systemfor contact arrays. B. 1.
Theoretical resolution limts WD 2 00 410 7 71 5 3 PCT/US2004/ 005186 -11
[ 0054) Pwo2ep4@D1pleri odic pattern of pitch px in the BCVR28BHOPYR6 and py in vy
direction, the mask spectrumis non zero at discrete spatial frequencies
whose x and y conponents are inversely proportional to the pitch: 1fx' fyl
ip 'Py/ where n and in are integer_ ﬂtmbers (0, +/-1, +-2, +/- 3 etc.)
[0055) Often, it is nore convem ent to work with normallzed spati al
frequencies i.e.: C (fx fY) | ((Pxn 1. I NA"pmA 100561 At a mninum in
o the_zerq. order st t hree dif ractlon orders must be

dditi
2ap![ulr@§5‘by theFP%Pn QB%PBQ’ of pihyrin the 3] 4 op apd gy Yhe (0, 0),
(0,1), (1, Glrciits, @é&&aﬁ 1sﬁ&9§b?&afcﬁ£créwsﬁﬁhﬁ?éc{ ek \@dson, this

requirenent is eqU|vaIen ting a square into one
_quadr ant ofx@dwwpmpﬁmtamemeﬂEp(@e@onﬁlmthamtq:h;n pattern in FIG 4A) i.e.
p?7 .r2- if Px=Py=P, Cand th onal off-axis illumnpation: f2 + fY :52
i.e., fittingasquareinto ﬁal\—l t radius circle (see diffraction
pattern in FIG 4B), i.e = PY =P.

where p and m are integer nmnbers 0, +-1, +/—2, +/- 3 ete.)

[0055] Often, it is more convenient to work with normalized spatial
frequencies t.e.:
C : 2 2 1_|__ni mai
(fx:fy)-( Py -NA" py.NA )
[0056}) At a minimum, in additien to the zero order, the first three diffraction

orders must be captired 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:

1ff,}+fhj,’.<_1

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

pattem in FIG. 4A)
i > —— i =p =
1.e. p N A ‘Ji‘ lf p X p ¥ p »
C and with diagonal off-axis illumination:

Jefrs2

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

FIG. 4B),
- L) ” .
ie.  p2oos p.=p,=p.
[0058] By using this theory, one can establish that at 157-nm wavelength and

. 093 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
illtmination and 120 nm with off-axis illumination. The inventors ran

simulations to further explore the off-axis case.



[ 00581 By using this theory, one can establish that at 157-nut wavel ength
and 0.93 NA, and for grouped contact holes, the theoretical mninmumpitch
(in x and y directions) that can be imaged is therefore 240 run with

on- axi smg#m} nation and 120 urn with off-axis illunination. The inventors
ran W8It 0 further explore the of f-axis cadCl/iigM3488077154

PCT/ US2104/ 005186 -12 B.2. 'Resolution capability with off-axis
illumnation |ithography [0059] Resolution can be inproved by going from
conventional on-axis illumnationiyo off-axis illum nation. Being able to
produce an image is, by itself insuffictient to neet certain quality
criteria to ensure sufficient process latitude in resist. To print nested
contact hol es, assune that contrast and C nornalized i mage | og sl ope (N LS)
must be greater than 0.5 and 1.5, respectively. See, G aeupner, P., et.al.,
“Sol utions for prinB.ng Rewtdsh ' tipabifignt Wk LB\ Blumiskiion 4691: 503
(2002). [0060] Wth thesgmogmiphyenents, the inventors determned the
smal l est pitch at which nested contact holes can be printed in this -
exanple. First, exanple high-quality conditions for printing | owk, grouped
cont alfi05%ol es \kﬁ@utl(m)nm d!@rl;nproﬁﬁdeble gomgdﬁbmonsnwemdnalj@n-aﬁmg/ 0.1 QJadrupoI e
|IIumnat| g)%g 1sIh F@?'Sthe di stance of the poles
fromthe c T d “Wé‘ o & JO Brogucal Bn988 1%-%F At t enuat | ng PSM
Unpol ari zatkelf,l ﬂbﬁfﬁm&ﬁltdemet oértdi Quali®y triteRa fo Ed2R@ lehfiVerdpRfteal | y decreasing

t he pitch, the aerial imge contrast in the pitch direction (CO can stay

above 0.5 laite %HQW t & E}bﬁttI@Fﬁ prtast h@esmsﬁww@ﬂt gontrag 7andm cont act s and
aces). &me%gil aa.&ﬁg I simage is shown
¢En) FIG b5. rmﬁ @% s{l‘%br?g resgl ut | on gﬁtgﬁ%?{ ﬁta{é%t S ’can be i nproved

rom 240 umspectively. See, Graeupner P., et al, "Solutions for printing sub-100 nm

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

[0060] With these reqqirements, 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)
- 0.93NA
- 6% 1:1 Attenuating PSM
- Unpolarized light incident on the reticle

C [0061]) By gradually decreasing the pitch, the aerial image contrast in the piich
direction (CO0) can stay above 0.5 as fong 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. 3.

[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 iltumination.
Clearly, the smallest resolvable pitch as defed 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.



to 134 nm by changing fromon-axis illumnation to off-axis illumnation.
Clearly, the smallest resolvable pitch as defined above will change sonewhat
when using a slightly different NA or quadrupole. This definition does not

t ake int\go:i‘g‘.g'}%l?qz.’4 depth of focus (DOF); therefore, the |lowest printable
pitch is ~éxpected to be larger. This exanple is suffTEVEMYOYEhow t hat
fairly unconventional neans nust be used to push the resolution |imt down
to 100- nmpitch. WO 2104/077154 PCT/11S2004/ 005186 -13- C. Pol arization

[ 00631 There are references in the jsicterature to "pol arization matching” in
which the electric field vectors overlap and result in maxi numinterference
and consequently in maxi numinmge quality. See, Ma, Z., et alL, "Inpact of
illum nation coherence and pol ari zation on the inmaging of attenuated phase
*shift masks," SPIE 4346: 1522 (2001). Linearly polarized illumnation has C
been used to i ngyovePsloE@Ronual ity for |ines of appropriate orientation, but
no specific polarization schenes have been suggested for contact holes as
“in enbodi nents of the present invention. [00641 In the follow ng

di scugsedy. U NCTRI G foffifndds il e fitkadlck Yo ABOrarib ARASHALRLEY POl ari zed |1 ght
are revealed. These two types of polarizati on enhance 1 nage quality for
cont act homdhich the elecliig Hfieldvéctdrs ametlapaand eptuitain mpdioami inttferznse ar e di scussed

here, one of,skill in the art wll re 4 i th | S, di sclosure that
ot her pol aﬁ%%@&ﬂ&%ﬁ@%@%%‘ﬁﬁ o%ﬁ%?‘oﬁé&c&ﬂpa&?g@ be used to
enhance i MH@Enifidtidhi dolerendd (B poldnization i fieGithaging @ ittsuatdd pHage f ol | owi ng, the

NA is 0.93, the _illumination i(s 0.9/0.1 di%gional niJ(;ua(_zlru,pol e, and the
C\9\/avel engt hshif masks,h SREE 43¢6: 8522 (2801 hinpasly palarised illppumabiorsbas The Prol it hT

o oo ST et B il 51RO Ll S e 1221101
specific polarization schemes have been suggested for contact holes as in
. embodiments of the present invention.

[6064] 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 quadnipole, 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 ihe 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 Prolith™ 7.1. An
example of the orientation manipulation is iflustrated in FIG. 6. Assuming the
poles to be sufficiently small, the inventors first rotated the pattern by 45°.



The image for the unpol arized node was obtai ned by adding the aerial inages
of the x polarized and y polarized nodes. [00671 To sinulate tangentially or
radially polarized light, a sinple rmanipulation of the mask orientation was
carried out using ProlitlP 7.1. An exanple of the orientation manipul ation
S iIIui}rat?d in FIG 6. Assumng the poles to be_sufficiently small, the
i nvent oM@ Y™ ot ated the pattern by 45. WO 2004/ BYVERMRI86iS2004/ 005186
-14 They then calculated a first inage using x-oriented dipole illum nation
with x or y polarized light (x polarization for radial and y pol arization
for tangential). Next, a second ippge was cal cul ated using y-oriented
dipole illumnation with x or y polarized Iight (y polarization for
tangential and x polarization for radial). Finally, the two i mages were

added to L, t Lnal e 8 - . of .Polarizati on |inage
Quality [8@%2?ﬂﬂg?ﬁgfg&ﬁ@%ﬁﬁgﬁﬁﬂﬁ&p&fkﬁﬁ&%ﬁ%&g@egﬁ. ﬁ"?t‘%ng 1sﬂ?%si ng radi a and
t angent i alor y@bhtizadlight (x pslatqtoi for eddyal and ¢ poLitingiohdor thggeptistrent i nventi on.

The difference between tangential pol arjzation and radial polarization is
i 11 ust r at e¥¥bizSepqnddmagaon; usipg grPrientsA difole WHPEAHER Y8 as shown-in

vi ew 1002, ' 3 . | i r yoof @andon y. Once
x of 9?0%:&@% ?:‘ggtggys phlahiBiBoR QJ)Iafah%tglglhl?ig}}idlv S‘:‘Bﬁgfﬁ?aﬁ& Yor y

t he unpol ari ze I g es through ta I zer 1004, however,

t he |ight rixBalpriisally, thedwniinages yepsoadded toobitaimthe Singhimagan vi ew 1006. Once they
are tangentially polarized, the polarization vectors uniformy circle
around a central location. [00691 Radial polarization acts sonmewhat

differently. As ill @t aEffeltof\Péikiatioh OB .ImwpeDumipol ari zed | i ght 1002 passes
t hrough radi al polarizer 1008, the |ight becones radially polarized Iight
010. Once radially polarized, the polarization vectors emanate uniformy

rom centr ghr LORAIHsOR- FIEE "l ek sl égcﬁsg-r%n jgsa Sihhgwn as a di agonal
line on I'll GS. 7A anqﬁ%‘ilg.gﬂ The contrast al onglg t%e pi tcﬁ g‘llrect ion is very
hi gh, i. e.tangent#® polatirationdiegpectiyaly, acéording émthepinesent inventionvdhy | ow (0.19) with
tangenti al,pol arikzation. At. degr e fr.om the pitch.direction, contrast
2R o £ sk oF et Bpphlal Ry TR iR Bhalakb e

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 itlustrated in FIG.
10B, when unpolarized light 1002 passes through radial polarizer 1008, the
light becomes radially polarized light 1010. Once radially polarized, the

C- polarization vectors emanate uniformly from the central location.

[0070) The pitch direction is shown as a diagonal line on FIGS. 7A and 7B.
The conirast along the pitch direction is very high, ie., 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.



(00711 Wth radially polarized light, the image can be optim zed by changi ng
the contact-hole width (i.e., the mask bias) until the contrast is the sane
in both the orthogonal and the diagonal directions (with tangenti al

pol ari z such inprovenent was observed). A contact-hole wi dth of 85
run (i .%b%‘é’mﬁ% mask bias) produced uniform contra%qT"ét’im‘H’”ﬂ?‘%h of 134 mu
(approxi mately equal diagonal and orthogonal contrasts), in one preferred
exanpl e. WD 2004/ 077154 PCT/ US2004/ 005186 -15 [00721 Alternatively, it is
possible to nodify the background tjgansmittance of the mask to obtain the
same effect. The inventors found that radially polarized Ilight results in
an image quality that is superior to that produced with unpolarized |ight,

t Q073 t ff d by th
opti it o of AEREEAR i FOIDh R TR U Ak mRauineR o i i rum pi ¢ ch

can be redmeﬂask@o&aﬁnmﬁmeeﬁ&tammbmw&mammﬁmi@omw found. Wth
radi al pol arization, intense side |obes can be observed at small

cont act - holightyregaliss m ™emsge quplpdbatGsdspapyety tha mhdcedrmitict - hol e width is
gradual |'y g% ggﬁ%%r%%eﬁ Jf‘ol‘f’bcn?gs nm This is followed by a nore
S

uniformy contras around the contact. The results indicated

t hat té0¥3] adi aIleem;irmelthmaﬁeﬁbxfdh@by tiepginiibaivn oIQfadink§od Nprovenment over
t he unpol arized i %,ht case. %P 8A - SC illustrate the conparison of the
three pol aPPI3ufatign Vs sraremed. . ‘H?‘Hljml‘%‘ Rifch cap bg gedyced iy B3R BN, | n each of

these figupQSan bftemith oRadliloRCI AR folisd. S WA radfal FolariBfioh Sinftlisder | al 1 mage

using unpol ari zed quadrupol e illumnation at 75 nm contact width. FIG 8B
i s an aeri &ifle iloheg caniberobpervednat snilhcentodtdele widlmg Tharsidenlobed |y pol ari zed

uadr upol e I erl again at 75

m cont act dlsg‘da’gﬁj, Qﬁéé ‘2‘3“?"55%“"‘%%‘55?%80@ m?rf’%ﬁfl gﬁ“’[%l Pol ari zi ng
the illumn mat |'Dlns dafoliowpd byes b mﬁ)ﬂhlytdl@tnbhmmcbnﬁ-dsomoﬁﬁdlthec m down to 125
nm These fi are ba. d on t %e of radlally olarized 1light and a

m ni mum cofft ‘ﬁ‘fed&at "5“‘ RiLY eolpized merefhan '3,
Pol ari zed kmmuscﬂ{ﬁmﬁoPé%e g @idizye 11Bﬁl0$a@e.r G 8A -

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 wnpolarized quadrupole illumination at 75 nm
contact width. FIG. 8B is an aerial image with 75 nm contact width using
tangentially polarized quadrzpole illumination. Finally, FIG. 8C is an aerial
image, again at 75 mm contact width, using radial quadrupole illumination.
[0074] Polarizing the illumination can improve the resolution limit from 134
C 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.



[00751 In enbodinents of the present invention, polarized light (radially or

tangentially polarized) is used to illumnate a phase-shift mask (PSM and

produce an exposure beam A negative photoresist |ayer is then exposed by

light in the exposure beam A chronel ess PSM can be used. In one exanple

enbodi ggvr& rjadi_al ly polarized light is used in conjunction with chronel ess

PSMs, r %’g‘f‘gﬁl’éuadr upol e (C-quad) illum nation an&®CRAGHOF WSOt or 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,£00761 In one exanple, radially polarized

light is used in conjunction with "chronel ess PSMs, Cartesian quadrupol e

illum nation, and negative photo- resists to push the resolution to k=029.

The p nt inyention is not limjied t Cartesj an quadrupgle illum nation.

Furt h@?ﬁ@am O e umRIenMialy Foligred Retniis aeed B eqmaiggHon Mithri nat i on,

i1 Tum nati aF v 0 q%XdHﬁ?& t s Jol | nation

appr oxi matdiﬁﬁ% qugg?%%%r%ad;elgﬁm nat’i é%?ﬂlu'&agfg%tﬁ}%l}’%@tdggétxgien% ations perforned

by the i nwesistotopusinthichesolution toTk0129. The prepent dnventiwais n@t Weitédtot cont r ast -of

| mage occ when negat i,ve,phot o-resi and_radi.al.| olarized illum nation

are used. [OOH W‘@A“‘E‘”J&i‘f"’&ho@“ﬁ% GWB@f %?lu%eopgﬁ' P‘rfa’tl‘f%on on i mage

qual ity i rinhifed to ghi¥t Miin@iatiogSWrhisatathaving doboldRgminbheNéay. The results

shown in FIGS. 9A - 9C are sinul atiogns of_100 am pitch, chronel ess PSM

contact hdttles illumingtion appreximating Apafwpele nillummatons Aseprdingdai st with a

refractivesd . ¢ gﬂm@ t L.opge of contact

hol es obt gs}drllg i n%gd%rggeg bgsﬁg“’eﬁﬁ*ﬁo gp?%)g I ght 9gn%'§t§%?é %pol e

i | | um nat iperfect FoBira@Bofs imoages ecopn ovhen oregatiat phateraepist ofndcmdialiyt - hol es obt ai ned
Ci n a case_u i.nchiban sglt | al ng olarized light and quadrupole illum nation.

FIG 9C sHOWEE MgHeeh a8 i mage of contact holes obtained in a case

usi ngjeo?Hi al | y FpekasA z0¢ shoghhe efdt efpathirizpidocon inldpt ghalay ipeaccording to an

enbodi ment , of the present invention. [Q0781 The m ni num contrast of the

t hr ee typégnlgmoadpgllltp sbitaingd by thenyentors. The results shown in FIGS. 9A -

9C are stmulations of 100 nm pitch, chromeless PSM contact holes using a
157 nmm wavelength, 0.93 NA and a resist with a refractive index of 1.78.
FIG. 9A shows a poor conirast image of contact holes obtained in a case using
uppolarized 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.
C [6078] 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) : g
[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



exanple is summari zed bel ow. Pol ari zation state M ni mum contr ast

Unpol ari zed 0.67 Tangential 0.44 Radial 1.0 100791 In addition, this
techni que has the potential to be used at even | ower k- factor (e.g., where
k equal SR contrast larger than 0.75) [0080] This approach shows no
forbiddengaﬁggﬁhég denonstrated in FIGS. 11A and 11BTH20/00587 and 11B are
graphs that respectively plot the CO (in nnl) and NILS over a range of
pitches between 100 and 900 nm accordi ng WO 2004/ 077154 PCTNS2004/ 005186
-17 to the present invention. FIG354711A and 11B show that N LS does not drop
below 2.9 for all sinulated pitches (100 to 900 nmin 25 run pitch steps)

I ndicating that all pitches can be printed sinultaneously with good exposure

b nary. masiabe 2 EroRh T or e ien GhoSdANES et SR nbod et s of

the presenbelbwVROoOf] sitdhitad birchBd (0! B0 hhGR125 SmUSES & .si! lum nate a
phase-shift mask éggm and produce an exposure beam”™ A positive photoresist

| ayer is t Héirating pijchies gan be printerbs pdy wiognodTxposmesk can be an

attenuati ngm&ﬁg or binary mask. [0082] An exanple of an attenuating PSM 1200
IS shown in 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%

transm ssi on, meanin that .all 1] . of a certain phase passes through. For
exanpl e, central seﬁf‘oﬂ%’f&l’”ﬁéﬁi‘ﬂﬂsfﬁ@”&?ﬂ’g{’f‘@ﬁ’t’%%qﬁﬁ‘ a phase of O.
Quter section 1204 of c@rbinarympsks; gud pesipngphgloresistation, in that a | ower
percent of light of another phase is transmtted. For exanple, as shown in

el rség;}fr Reftth@ et dfn QY ¥r 1! bWt §¥etfiod | RnfhoRrinipse of 180 to
light is used to illuminate a phase-shift mask (PSM)} 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.

(0082} An example of an attenuating PSM 1200 is shown in FIG. 12. For
ease of explanation, only cell 1202 of attenmating 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.

C [0083} Alternatively, a binary PSM may be used in the presemt invention,
FIG. 13 illustrates an example binary PSM 1300. For ease of explanation,
only cell 1302 of binary PSM 1300 is described. Much like ceniral 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.



C

C [0083) Alternatively, a binary PSM nmay be used in the present invention.
FIG 13 illustrates an exanple binary PSM 1300. For ease of expl anati on,
only cell 1302 of binary PSM 1300 is described. Mich Iike central section
1204 of attenuating PSM 1200, central section 1304 of binary_ PSM 1300

al | ons YOG/ ght t hrough. However, instead of ar?ywwféﬂmﬁttenuat ed
degree of light to pass, outer section 1306 prevents all light from passing
t hrough. I n other words, outer section 1306 has a 0% transm ssion rate.
[0084] In one exanpl e enbodi ment, .qgdially polarized light is used in
conjunction with attenuating phase-shift masks or binary masks, standard

di agonal quadrupole illum nation and positive photoresists. A very high

I mage ity i -] Lt act_ h t various

o1 ¢ opl 08 | 1Y S O et by BBl o 193 SRR colBbGiB0s 150 - T
100851 Si nasingtd 6Hsatippudting rRSM layd dizgonah qeabrapote (019/0.2% illimiingtdohch cont act hol es
using a 6%attenuati ng PSM and.di a | quadr, le (0.9/0. I1lum nation
showgd i nﬁ%‘gwf"ﬁb‘??ﬁ? V%F@ﬂw.hgﬂifg‘ﬁ]@ E’fﬁwg&%‘ M HFe‘avasﬁ{?sed. The -~

resul ts freau Fol MiSrAihRn A6 eV FIGSFI4D.- dAA 'Thjeg)%r%lfghe results

shown in FIG 14 are al'so sunmarized in the follow ng t . Polarization
state M nishown @OFRG. d4araalsy snmaxizedsn the follewingdabl®. 64 1. 85 Tangential 0.58
1.77 err Radial 0.69 1.94 *NLS stands for Normalized | mage Log Sl ope The

present invention is not limted to quadrupole illum nation. Further
exanpl es i ncl |alarktion s@ate) O Mikinikih Contrast (Masiafoms NIDS* fati on, illum nation
havi ng four-fadlighpslap®t ry, ©0.eny other Tl uyggnati on appgroxi mating

quadr upol e i | [y agkhoN. D. jgakgar i Zati on i romet €sy Al ternating PSM
100861 Furt her g RIf OVEMENMT S{{Fgt e TS0V Y contacts can be nade

*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 imoprovements in the resolvable pitch for contacts can be made
by changing the mask from an attenuating phase-shift mask to an alternating

C phase shift mask while retaining the use of polarized light.

D.1. Chromeless Alternating PSM In Conjunction With
Radially Polarized Light, 100-nm 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



by changing the mask from an attenuati ng phase-shift nmask to an alternating
c phase shift mask while retaining the use of polarized light. D.I.

Chronel ess Alternating PSMIn Conjunction Wth Radially Polarized Light,
100-nm Pitch Nested Contacts 100871 The chronel ess &I{ﬁlgrn ti“ﬁg PSM | ayout s
chosen W2 U5bxanpl e study are of the checker boBYHUPABEMF e whi ch the
phase is alternated between, for exanple, 0 and 180. A diagramof a
chronel ess alternating PSM 1500 is shown in FIG 15. The center section of
PSM 1500 is highlighted to showasge-the different sections and phases.
Sections 1502 and 1504 are areas that allow 100% of |ight to pass through
with a phase of, for exanple, 0. Sections 1506 and 1508 are areas that

al | ow 100‘V§1g%e GilRht *rgm 2004/ 077154 PCT/ US2004/ 005186
. -19 phaseﬁl ferent rO%ﬁ?&ﬁc&?{s@%@ﬂ%@%@%ﬁg@%g&gﬁgﬁgé&f or exanpl e,
sections 1996 @ndhiD8ibfHchavey phae of #305h Rarkendd 48015 IDalokenrdllewea 1510 does not
allow any |ight. through. .Therefore, .itsol;, ansm ssion is 0% [00881 The

repeat patté firoughi Hherefares S amimissieR I O nt act hol es is conposed of 100
run t[aggjpar enmwaﬁﬁu%tf&@in&ﬁ% ﬁrﬁ%it?tbé&ﬁ%}eﬁﬁsis%ﬁ%{e&t ed in FIG 16.

See, mask | ayouts in Levenson, | et "al ., vortex mask: making 80 nu
cont act s ift1Q0am {pusparent sgpares wilB olt¢rp@oR)phases, @& Blustrated MFIG. et al . |

" Cont act | | QN - S 'S sudden .phasge. shift edges of a
CCon a4 SoPogi Pl b BRIEAPD 5 53R AUASDE R 0L *ORe
resul ti ng )i drh rcenthito withod tveisth" (SBIE ¥88%(2002) @t Gedssiah, AN &halon- axi s
illum nati for, .the chrogel ess sk,.is owng in FIG 17A. 100891 Wth
n-axis i I%Wﬁtatloll%ﬁ’f?d‘r‘f’@"ﬂi ¥ 4R Pidmosng S e&r@%%?@ﬁfs _Bf/at he lens
pecause t hengfdDphise thask®) Intedfiliohdl, Jalen® Wer 61/82 54! P0b1). Wikh of f-axis
illum nation, according to an enbodi ment of the present” invention, the (1,1)
fam |y of resuitingsffraefioniatien fordhis ceptactaras Withion-axisslpwpiation fos i | | ustrated in
FI G 17B'thé°$ilr$rﬂa&§n§£ﬂip&o%tiﬁ‘h‘f€qmt h this setup. Wth one pole, the
i mge is '
[6089] 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
iltumination, 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 ene 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
C 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 1 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



equivalent to a ID grating. By conbining x-poles with y-poles, a 2D inmage is
produced. FIGS. 18A and 18B illustrated this 2D inmage. This inmage can be
enhanced by using the optinmm polarization for the two interfering
dlffracwow_, ?ers fromeach pole (in the case shown in FIG 17B,

x- pol ar I'Z€ glh is the optimum). This is like raf§FHOPPOHHHS, zed pol es
with.a Cartesi an quadrupole. 10090) Sinulations in air and resist (FIGS.
18A - B) were for NA of 0.93, wavelength 157.6 nm and the illum nation was
Cartesi an quadrupol e (the diagonal2oquadrupol e presents no advantage but can
be used). The four poles were radially polarized. Both the sinulations in
air and resist showed nearly perfect contrast as |long as the contact hol es

vory HOOREE | oot piehaia TukoRabi) npiobeh Rl SSaCsblhall ' 0T H) oS
T T e e g v s 10 501
descri bed. %{2}184@ Qﬂé& Lﬁ“?%ﬁtt Xaft al q&ﬁ'ﬂﬁ“@ﬂé‘ﬁgﬁﬁ? ‘H'é dF‘bP @38 ?/an .

l'i t hogr aph?ha%eh&i Qi assfﬁ?lﬁanﬁOQchM@ SBAOQk39: act al.,

"Under st andi ng .t he forbi dden p| tch phenonenon an SSI st eature
pl acenent , ‘givepliugsationoggle, e forbidde pith ligs e the ldcatmmuhcrertheangl e, the

f or bi dden [ d ed by the
nei ghbor i ngf #dcéo{l” es ”Hn%‘%?‘uét‘ y@%%%%sg]—rué&s%l s [ %SD Otﬁgﬁ of the main
feature. Difield mumnimmndmmmmmmmmmmrmempnngow nt contact

hol es of a ven ) atf di.f f er.ent d tches See aeupner et al. The
i nvent or s o5 ¢f 4, FveIL iz %?& # @lhreshol d  to

Cinic si wlmamsaﬁe@&mﬁo@ﬂﬂuﬁﬁneﬂ%ﬂmcﬁshﬁ&a%ﬁﬁﬁhms@w over | appi ng
process w ndows. [0092] For this set of sinulations, the size of the

transparen om@@w}m%mwmt@@va\ymmwnﬁwmq see FIG 16)

was gradua @cﬁ&ed from 100 amto 1000 nmin 25-nmm steps. FIGS. 19A,
19B, and 1?@6&%\,\/

[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 steps. 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.

[6093] As a result of the present invention, the image of the contact generally

remaing 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

C threshold necessary to print 50 nm contacts at 100-mm 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 threshold for
all pitches (see FIGS. 20A and 20B, respectively). The contact width is the
width of the 1mage 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 smali pitches (approx. 200 nm); this is the regime in which the image

RECTIFIED SHEET (RULE 91)



various images resulting fromsinulations at best focus for 200-nm 300-i nn,
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 conV2H™%Ht at the coners of the phase squar eECT/RHRMO05IE oshol d
necessary to print 50 rimcontacts at 100-nm pitch has been cal cul ated and
found to be 0.28. At this threshold, side |Iobes are seen to develop for
pitches of between 400 rimand 500urn (see FIG 19B) and, hence, assist
features are needed to prevent side |obes fromprinting at these particular
pitches. Side |obes do not appear to be a problem at other pitches and
assi st featur ar her ef Jequ red....100941 Nl TS..and.contact w dth

. have been I%j;qsgﬁfg?‘gg%g&h%ﬁgﬂgdﬁs?ﬁ égﬁg?n%@(j%fmggﬁmﬁ‘ﬁ (see FIGS. 20A
and 20B, redqest ayvcimodatt n the Hipit:t ABheligh nobsoha hevd, dieliepth dfhe i mage at the
target threshold (0.28, in this case), and NIIS is the og sl ope of the

- i mage wi dtfPcws shoxis chppesdTosn mimjte (yoth ideal maskyppintsomrGand0B, t he cont act
wi dth vari y |t ' f : I: es (approx. 200
run): thi Jrave %tcﬂggr%fﬁ@n%ﬁ%ﬁ%@%ﬁ&gﬁmgﬁ% R R (RULE 91) WO
2904/ 0096154 PCHNsssxa0iyKIGE 284, the NILS forjall pitchasenderrvondidevationdagonal | D
gratings. Beyond.this.range Lffracted .orders are.acconmodated in the
oup! | O S S ins by B L F s Pt oo Ry RS B ove o change
frominfi niityetchesi tdontGeHidtiBsmkthe BN hanB0 wirfed froa 80 mipde1g5rant ) to . finite,

when nore diffracted orders caontribute to the inmage. {00961 As shown in FIG

CﬁgA, t he Nwesst pish) and stahibizes akabontiet nmo fdusds qgits enarkable apddasxanpl e remai ns
|1 abov ThE & il (eTaTo TR ' e . aal | pitches.
Contact w fﬁ?ggsng{%gﬁg&h@ﬁgg%, Va?@g&%@%@%ﬁ%ﬂﬂ&t%ﬁﬂg hurn (wor st

pi t ch) andepdneintipatters and lbipouatios Sptimization. sCompayei Grewmeretkdbl e and has

advant age he, s .city of, the mask | ayouts and the absence of a pitch-
dependent %ﬁgéat'gr’ﬁt‘ilng&}‘$}fl ? B on optinization. Conpare, G aeupner et al.,

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 af a specific section of the light beam. FIG. 21R is another map of an
example custom polarization pattern. Unlike radial or tangential polarization,

C 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 paitern m 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., TImmersion Lithography



Socha, It, et al., and Shi, X , et al. D.3. Custom Pol ari zati on 100971 In an
enbodi nent, custom polarized light is used in place of sinple radial or
tangential polarized light. FIG 21Ais a map of an exanple custom
pol ari zation }oalttern, where each arrow represents the direction of the field
vectors ‘?ﬁ)zﬁ"%éafic section of the |light beam FI G CHYRIPONE: her map of
an exanple custom polarization pattern. Unlike radial or tangenti al
pol ari zation, C custom pol arization patterns have a non-uniform arrangenent
of polarization vectors. These polzr.d zation vectors are shown as arrows in
FIGS. 21A and 21B. In an enbodi nent, 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 predeterm ned, and the pattern polarizatien
devi c40@88h be cAanthed litwgraplic dschaiqye,timupsrsich dithdeghwphylecdnr 16b pel ari zation. The
I1lum nation cg}gf' urat.i on or shape of the illumnatjon |Iight at the

r

i 11 um nat i 8Ffds pripting 9F cppfacts, i Juk, present jgyqution:, g IRPSTEIORt o pr ovi de-

cust om zed fitdobthBh{ af lef thePPactetwedf tite b .'cﬁle%ﬁ Q)R LE Baid and intensity,
optimzes printi n:g. E. | ﬁcfrse?rsi on Lit hogrjaa_gﬂrll cgoggla% ! éSO?iBn

PCT/ US2004 9piis 1965 and die pafensspcinapwaier 110t isdgled prittc a tiguidni Yeieg i nmrer si on

| it hograph . t fd Nt of contacts in the present

i nventi on. %@%@@%@ﬁy’l 1??%@55?2%}%/ aetnﬁlt%ea@tcﬂ%ﬁséﬁ‘glﬁgglgngef?%en t he

pr oj ect i on12phinajowsito 108 anp To jsimilate immeionditidaphe e Waee r, such as

wafer 110, is filJed with a liquid., Usin jmersjon |Iithography, it is
ssible tﬁ’aéﬁ‘faé‘ﬁ{j%ﬁ@rﬁ 9%‘3@‘3&9&@%@’%‘%"?&‘% (%8158 mihtlown to 100 nm
si mul at §qiiATReA Shatbohldt PREHBN Ye ablh@védd@)(éﬁﬁ %f‘sﬁit&l%‘)&aﬁ Re@heg by the

h&tl:
refractive index of the imersion |iqui e.g., 1.5). The C liquid NA that
coul d pot eA8Pal | §1he2Z éharvmdganpf B0-ans gontadi| lwléseatsa ddfingm pitsh 1. 395. FIG 22

v si on PPl el pRaBhas udgtrly ot bR Gyl He” M

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,
bence, has a high k factor at 100-mmn pitch. An aerial image simulation of the
mmage using typical EUV conditions (0.6 PC, 0.25 NA, and a binary contact-

C 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.

[00160] 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 comjunction 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



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

| it hography technique for 50-nmcontacts on a 100-nu pitch. F. EUV (0099]
EUV was al so exam ned, as it affords very short wavel ength and, hence, has
a high k factor at 100-um pitch. An aerial image sinulation of the inmage
usi ng tmgﬁf"%éw conditions (0.6 PC, 0.25 NA, and %ﬁ]ﬁé‘?ﬂi‘/‘"&ﬁt act- hole
mask with unpol arized light) confirnms that EUV can print very high- quality
50nm contact inages at 100 nmpitch. The result of a simulation using EW
according to the present invention2gs shown in FIG 23. 1001001 NILS and
contrast have both been found to be nore than 0.7 and 2.5, respectively,
over a 0.4-mcron DOF;, this indicates that EUV could, under the right
condi ti ons [ ' r 01 Tha:.i , nsi dered several
- appr oachesref“'(got ggglr ?@%ﬂﬁégﬁgp@%oﬁsnh}&pl ?défﬁhnég}a!eg%ﬁ%%@t C(%ol es and found
t hat 157- ngragngolsi girohdalesd hltenmating PSM and negagive fphdtd4esisy miet cdm contacts with

good i mage ,quality. Further, radial olarization, in conjunction with a
- st at e- of - tﬂg‘“ﬂF‘Fmﬁ' @ﬁ“@%?‘”%’?‘é@lﬂ?@%@lm gﬁdﬁ?upol e, etc.),
can resul t ThlindeOls B HPEPYSREM be WY RANRIbM b 15288 ERaRr 0duced using
unpol ari zed light. The smal I'ést pitch WO 2014/ 077154 PCTNSZ004/ 005186 -23

resol ved viuahityt renepinedcalmiosfueonstent] thepugh, pitph tandr theliiayentoss didi eit i on, C

guadr upol e Lt.er gng . ! tg-y&si st, one can
obt ai n nea?qug/lt}%%:@éb%? l&%ﬁ%r'az‘?gl mg@é%@gﬂggﬁ%}i%@ggg&%g@t hol es at 157
nm The imuemtidns 1.6ueffadtive Sndudrypaihbtidab floil, ysultain hipgh-duekty at 157 nm

|l mmge quality repmnined . al no tant,.through. pitch.and the inventors did

not obser’&‘é"t‘%s P"o?@'ﬂ'&éﬂm -ng#e_ %’%&Zc? d’P%‘ﬂd’i“smgfgz‘ﬁq Yt i mersion, at
57 urn apgholdof100-AnipRbE sdthdcwe | ndex hypothetical fluid, results in

hi gh-quality  images at 100-nm pitch, while EUV conditions result in very

hi gh- {002l y Jhesimdatidogesulty aresampiatizad ie Siettalde below00102] The sinmul ati on

results are summarized in the tabl e bel ow

Method Wavelength (nm}| 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 13.4 025 | "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 m
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.



Met hod Wavel ength (nnm) NA Pitch (nm Contrast NILS Aft PSM & unpol ari zed
157.6 0.93 134 0.5 1.55 light Aft 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
i mrersion 157.6 1.395 100 0.62 1.74 F EUV 13.4 0.25 100 0.99 5.27 C
100103) Wil e various enbodi nents of the present invention have been

descri bed above, it should be undergtood that they have been presented by
way of exanple only, and not limtation. It will be apparent to persons
skilled in the relevant art that various changes in formand detail can be
made t WeHLA&T I8 CvAIMEIUES: departing fromthe spirit and scope of the invention.
Thus, the breadth and scope of the present invention should not be |imted
by any .of tg&'&f bqvye- .described exenpl.ary enbodi nents, but shoul d be defined
only ik acc 3‘}?@ O REPYIE PRV FE BRI ¢l ai ms and their equival ents. -24-
WHAT IS CLAIMED IS: 1. A method for printing on a wafer, conprising: (a)

cal cul ati ng(a3 cpediing ZzapdlfzatbnSdistiRiibh BRked Ap&Ha WQItidn Sf ApaBtbrhan bof a pattern
to be gri(gtetg?onfthe waf er (b) polarizing Iight according to the cal cul ated
pol ar i PHYFGIM 7 ¥¥'F5 buti on to produce a polarized exposure beam (c)
outputting the polarized exposure beam al ong an optical path toward a mask
havi ng t he()ghlagting lighthRcddihg e the alchilaed \palh@iatiod distriblitidANoNRédub@at he mask in
the opti cal gath ith the polarized exposure beamto produce an inage in
the expol@ized S¥pastis beaMe (e) exposing a photoresist |ayer on the wafer in the
optical path wwth Iight in the exposure

(c) outputting the polarized exposure beam along an optical path toward a mask having

the pattern to be printed on the wafer;

(d) illuminating the mask in the optical path with the polarized exposure beam to produce

an image in the exposure beam; and

(e) exposing a photoresist layer on the wafer in the optical path with light in the exposure

beam.

2. The method of claim 1, wherein said step (b) further comprises polarizing light according

to a radial polarization pattern.

3. The method of claim 1, wherein said step (b) further comprises polarizing light according

to a tangential polarization pattern.

4. The method of claim 1, wherein said step (b} further comprises polarizing light according

to a custom polarization pattern.

5. The method of claim 1, wherein said step (b) further comprises producing polarized

quadrupole illumination.

6. The method of claim 1, further comprising pre-polarizing light at an illumination source

prior to said pattern polarizing step (b).

7. The method of claim 1, wherein said step (c) comprises illuminating the mask to produce

an image that includes contact holes.



beam 2. The method of claim1l, wherein said step (b) further conprises
polarizing light according to a radial polarization pattern. 3. The nethod
of claim1, wherein said step (b) further conprises polarizing |ight
according to a tangential polarization pattern. 4. The nethod of claim1,
wherein said step (b) further conprdsses polarizing |ight according to a
custom pol ari zation pattern. 5. The nethod of claim1l, wherein said step (b)
further conprises producing polarized quadrupole illumnation. 6. The

met hod8of cTka methad of lainh B iwheeivaid siep () pecersfiod Bauidi ng | i ght at an

illum nation source prior to said pattern polarizing step (b). 7. The

nmet hod ,of c m r.ei te c onprises,illumnati.n he mask to
pr oducg anlr 6%()1 \é\g'f a‘f”hgl “Lsillféeén r{Faéétl ﬁgFagEfme- ‘?éthe §r°“3ﬁ8“3f‘?‘8?£8% of claim
1, whecrlepmelsaipbhseblafh mask) ateocdting phase-shift mapk| ohd aBernafing phae¢-ktoti madk. cl ai m 1,

wherei n the mask is at |least one of the group consisting of: chronel ess

phase- shi ft at t tiin ase shift mas and al ternating phase-shift
mask. ig !i'?ﬁlooc’j lg\‘m I“%?F%} eﬂﬁéﬂs&%ﬂ%‘@“ﬁask is a binary mask. 11. A

met hod of prlntlng on a wafer, conprising: (a) calculating a polarization

di stributi oA rx#®AQf pidiAg an 5wiidd, adrh@Ringf a pattern to be printed on the

waf er; (b) polarizi ng | 1 ght according to the cal cul ated pol ari zati on
distribution to produce a, pol arized exposure beam . (c) out puttl ng the

pol ari zed el@&¥aHEMBaplazaHRg dtiribser baged yarma siepfation 1o i RIEEM 1Y P& chr onel ess
phase- §hm§do,{m§kafb.n the optical path with the polarized exposure beamto
produce an image in the exposure beam and (e) exposing a negative
photoresist |ayer on the wafer in the optical path with [ight in the

exposur e begpolrdzing lightt 3eenidipg t‘pF*ierﬂalCH'@te@)rﬁ’“lafl%‘aﬂP‘b@St"éthﬁﬁr‘iosﬂfWg'“ a)

cal cul gblfidd expeQlr@bdamat i on di stribution based upon a sinulation of a pattern
to be

(c) outputting the polarized exposure beam along an optical path;

(d) illuminating a chromeless phase-shift mask in the optical path with the polarized

exposure beam to produce an image in the exposure beam; and

(e) exposing a negative photoresist layer on the wafer in the optical path with light in the

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

(a) calculating a polarization distribution based upon a simulation of a pattern to be

printed on the wafer;

(b) polarizing light according to the calculated polarization distribution to produce a

polarized exposure beam,;
(c) outputting the polarized exposure beam along an optical path;

(d) illuminating an attenuating phase-shift mask in the optical path with the polatized

exposure beam to produce an image in the exposure beam; and

(e) exposing a positive photoresist layer on the wafer in the optical path with light in the

exposure beam.



printed on the wafer; (b) polarizing |ight according to the cal cul ated

pol ari zation distribution to produce a polarized exposure beam (c)
outputting the polarized exposure beam al ong an optical path; (d)
illumnating an attenuating phase-shift mask in the optical path with the
pol ari zed exposure beamto produceen inmage in the exposure beam and (e)
exposi ng a positive photoresist |layer on the wafer in the optical path with
light in the exposure beam -26- 13. A nethod of printing on a wafer,
conpri $3.ng: A(msthod&F pridtiag bngwafe) odmaprisingt i on di stri bution based upon a
simulation of a pattern to be printed on the wafer; (b) pol ari zing |ight
according t e l(:ta cul q %arl zat b?on distri bu i.on roducg a

pol ari zed e%ﬁ(ﬁg G &Ry Y fiibmen hased pagelili(y 32'8910 >€‘ HRd° 38am al ong an
opt i calprijped dn the wafer; | [ um nat| ng a binary mask in the optical path with the
pol ari zed exposure beamto produce an image in the exposure beam and (e)
exposi ng a otoresist |ayer on the wafer, in the o tlcal path with
light in th 6%?@“%& ing Jp the lsysd P@F’"&P%f’isﬁ’a“‘m g

conpri ebla@zed(a@))surélbdam nati ng a phase-shift mask with pre-polari zed light to
produce an i nmge in the pre-polarized light; (b) outputting the

pr e- pol ariz? romthe phase-shift mask along an optical path; (c)
shapi ng t he “SP'!‘;"P gt ?&Oéadﬂ?qf‘g‘ﬁ?suw #n glonganioptical par i zer in a projection
optic in the optical path to produce an exposure beam wherein the

pre-pol ari zgg ilndidink 8 bARAPGEKAE HRIHiAY pdtR with tROMRrIzERLIprdibeatnlth DUt i ON

cal cul at ed based upon a sinulation of a pattern to be prlnted on the wafer;
and ( dProdussasimage it thheretvessiean: andyer on the wafer in the optical path with
t he exposure beam 15. A lithography system conprising: (a) a sinmulator

that cal cul ah g5ofinP?baithe 3hotoHasi b dnRhe WAE iR tnep&X PAR Witk iPRAMIEOT @

exposure beam.
14. A method of printing on a wafer, comprising;

(a) illuminating a phase-shift mask with pre-polarized light to produce an image in the

pre-polarized light;
(b) outputting the pre-polarized light from the phase-shift mask along an optical path;

(c} shaping the pre-polarized light with a pattern polarizer in a projection optic in the
optical path to produce an exposure beam, wherein the pre-polarized light is shaped according to
a polarization distribution calculated based upon a simulation of a pattern to be printed on the

wafer; and
(d) exposing a photoresist layer on the wafer in the optical path with the exposure beam.
15. A lithography system, comprising:

(a) a simulator that calculates a polarization distribution of an exposure beam for a

particular mask pattern;

(b) an illumination source that emits illumination light along an optical path;



particular mask pattern; (b) an illum nation source that emts illum nation
i ght along an optical path; -27- (c) a pattern polarizing device that
converts the illumnation light fromthe illum nation source into the
exposure beam having the cal cul ated pol ari zation distribution and out puts
the exposure beaminto the opticahypath; (d) a mask that produces the
particul ar mask pattern in the exposure beam wherein the mask includes
contact hold features having a pitch; and (e) a projection optic that rel ays
t he exposu r(e) zbmmnfpnrariphg ﬂédidagham Roraveitethe fllumilrationl ight tﬁiomhﬁg naphpticy st em of
claiml15 eelnsal lLum nati 9 ized illum nation

i ght, Some A EF TR éa’ﬂ)c? htafl € ca cﬁ'?‘ieglpﬂlanﬁg‘\g}f glét%g'étwg ﬁ‘g\?(gt Btfs étﬂ e. 17. The
i thogaxaqslulgc bsgrstrmmmptmlepaﬂn 15, vvherel n said illumnation light is
pre-polarized illumnation |ight, and wherein said pattern polarizing

device is ol ari 18. .The litho t em of Iai 15, wherein said
i |l uninati H)D tﬁ‘iﬁ?“ﬁlefSIﬂgrqa?ngar ?’%ﬁ‘fﬁ?%é{'%/tﬁﬁe’fﬂoﬂﬂ? ea&hg’%%ﬁlgrﬂéei n said
pattermaspd)ichnﬂesmomgctdelﬂlfmamressnaﬁnmlamaner. 19. The system of cl ai m 15,
further conprising: (e) a wafer configured to be exposed by the -exposure

beam 20. The lithography system of claimJ19,. further corrprlsmgallqmd
F 1T ng a Spaceeiftetadh e ieys i sironts BAmGREbE s St wat er 91 The
l'i thography system of claim15, wherein said pattern polarizing device is

i ncl udgd i NrhetiRBgRpRY St Bf BIRIN €5, whérein Bed iiukh@6R BN i§ pid-Plreéd ¢l ai m 15,
wherein said ‘Chﬂg cul at ed poI arization %ttern is a radial polarization
pat t erijrmpation ‘I“’idt"ﬁ‘ﬁﬁf PRSI PAaZiRe dBYicsi %3 WaYe Rigfer ei n sai d cal cul at ed
pol arization pattern is a tangential polarization pattern. 24. The

l'i t hogrRPhyTIRVISAGMpRY sfstedl BT digim YW)&kiREdh §a?d diuedaGbh Abmds RRl-gldrzaf | on pattern
is a custompolarization pattern. -28- .. The lithography systemof claim

15, whitlpaingtiogdicht. spdarberein %ﬁé’a'éﬁm M@Z@&&a‘ﬂcecbﬁgq ¥%¥hg of : a chronel ess
phase-shi ft mask, an attenuating phase-shift mask, a binary nask, and an

al ter ngf i Ngrye 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 configured to be 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.

22. The lithography system of claim 15, wherein said calculated polarization pattern is a

radial polarization pattern.

23. The lithography system of claim 15, wherein said calculated polarization pattern is a

tangential polarization pattern.

24. The lithography system of claim 135, wherein said calculated polarization pattern is a

custom polarization pattern.



phase-shift mask. 26. A method of producing contact holes on a wafer,
conprising: (a) calculating a polarization distribution of an exposure beam
through sinulation for a particular contact hole pattern; (b) producing a

pol ari zed illum nati on beam wherein the illum nation beam has the
cal cul ated polarization distributiomg. (c) illumnating a mask with the
polarized illum nation beamto create an exposure beam wherein said nmask

produces contact hole features having a pitch in the exposure beam and (d)
exposi 3§ a Whe kithogriphi systee &cpos Ui, evhomansaid 2¥sk iFlvee ofithdhgrduppdongitmiz 0f: 26, wher ei n
sai d st,eprofeh Lo || ) NAL| 1 - Shi JBs nmet hod of
cl aim 26, O&Qesrs ?%Qé‘éftg’%“éﬁ%%@@%E%ﬁ?%@@ﬁ%%o%%ﬁg a’rgrgldﬁ“z?aaﬁfr?;% | ari zed

i |1 uni magspokftpagen 29. The met hod of claim 26, wherein said step (b)
conprises producing a tangentially polarized illum nation beam 30. The

met hod ,gf cl ar}'léﬁld%qyfpmcri%icBntﬁ&hgesséneaRna(fg,)co%%%lﬁé-:Ses producing a custom
polarized illumnation Beam
(a) calculating a polarization distribution of an exposure beam through simulation for a

particular contact hole pattern;

(b) producing a polarized illumination beam, wherein the illumination beam has the

calculated polarization distribution;

(c) illuminating a mask with the polarized illumination beam to create an exposure beam,

wherein said mask produces contact hole features having a pitch in the exposure beam; and
{d) exposing a wafer with the exposure beam.
27. The method of claim 26, wherein said step (c) comprises illuminating a phase-shift mask.

28. The method of claim 26, wherein said step (b) comprises producing a radially polarized

illumination beam.

29, The method of claim 26, wherein said step (b) comprises producing a tangentially

polarized illumination beam.

30. The method of claim 26, wherein said step (b) comprises producing a custom polarized

illumination beam.





