SEFF- ALI GNED. CPAQJE REG ONS FOR ATTENUATI NG '
PHASE-"'SHI FTI NG MASKS _ Background O The | nvention Thi s
- i"nvention relates to optical |ithography, such as that

fabricating sem conductor integrated circuits and ot heréd’&/l es. Mre
particularly, the invention relates to optical |ithography masks and to
nmet hods of maki ng such nmasks, for use in optical |ithography systens
for fabricating such 5 <circuits and devices. These nmasks are al so call ed
"reticles" particularly when they are used in optical systens having
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120 Conpr i ses a sem conduct of MErSE-BHIEETINGIMASKES o7 (1 one 10° or

nore | ayers of substances (not shown) located on a top major surface of the

waf er . typically substantially

nonochr omat i Togptrear ‘ of wavelength [err] is emitted by an
optical source 106, such as a nercury | anp. Thi s radi ati on propagates
successively thr ' opti cal
collimating | ens?@?%gﬁéﬁggéwnsfyoé}#%l agllé? ograggﬁed?&

fabricating semiconductor integrated circuits and other devices. More

particularly, the invention reiates_ to optical lithography masks and to methods of

making such masks, for use in optical iithography systems for fabricating such
5 c_ircuits and devices. These masks are als called "reticles” particularly when

they are used in optical systems hév'ing magpnifications different from unity.

FIG. 1 shows an optical lithographic fabrication system 100 for deﬁqing
features in a workpiece 120, in accordance with prior art. Typicaily the
workpiece 120 comprises a semiconductor wafer (substrate), together with one

10 or more layers of substances (nqt shown) located on a top major surface of the

wafer.

More specifically, typically subsiantially mbnochromatic optical radiation
of wavelength A is emitted by an optical source 1086, such as a mercury lamp.
This radiatioh propagates successively through an aperture in an opaque screen
15 105, an optical collimating lens or lens system 104, a patterned lithographic
mask (“reticle") 103 having a pattern of features in the form of apertures (bright
‘regions) in an opaque naterial, and an optical focusing lens or lens system 102.
The optical radiation emanating from the reticle 103 is focused by the lens 102
onto a photoresist layei' 101 located on the top _majorjs.urfac'e of the workpiece

20 120. Thus the pattern of the reticle 103 - that is, its pattern of transpafent and



mask ("reticle") 103 having a pattern of features in the form of apertures

(‘bri ght regions) in an opaque material, and an optical focusing |Iens
or | ens system 102. The optical radiation emanating fromthe reticle
103 is focused by the | ens 102 onto a photoresist |ayer 101 | ocated

on the top major surface-of the workpiece .20 120. Thus the pattern of the
reticle 103 - that is, its pattern of transparent and

-2 - opaque portions - is focused on the photoresist |ayer 101. _
Dependi ng upon whet her this photoresist is positive or negative, when
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Al ternatively us selectively etching the workpiece 120,
impurity ions can be inplanted into. - ' '
' Subsequent etching processes, such as wet etching or dry plasma

etching, remove selected portions of the workpiece 120 typically comprising a
semiconductor wafer. That is to say, 'pc'thions of the wbrkpieoe 120 are removed:
10 .from the top surface of the workpiece 120 at areas underlying'those where the °
photoresist layer 101 was removed by the development process but not at areas
underiying' those Where the photoresist remains intact. Alternatively, instead of
thus selectively etching the workpiece 120, impurity ions can be implanted into
_ the workpiece 120 at areas underlying those where the photoresiét layer was
1 5 removed by the development process but not at areas underlying those where
“ the photoresist remains. Thus, in ény evént, the pattern of the maék 1Q3 ~ie.,
~ each feature of the mask — is transferréd to the workpiece 120 as is desired, for

example, in the art of semiconductor integrated circuit fabrication.

As" known in the art, the aperture in the opaque screen 105 is located on
. 20 the focal plane of the 'oollimating lens-104, and the indicated distancés_ L1and L2
satisfy in 'c'ases of a simiple lens 102: 1/L1 + 1/L2=1/F, where F is the focal
length of the lens 102. | '



t he’ wor kpi ece 120 at areas underlying those where the photoresist |ayer was
15 rehoved by the devel opnent process but not at areas underlying those

wher e t he photoresist remains. Thus, in any event, the pattern of .the
mask 103 - i.e., each feature of the mask - is transferred to the

wor kpi ece 120 as is desired, for- . exanple, in the art of sem conductor
integrated circuit fabrication. As known in the art, the
aperture in the opaque screen 105 is located on 20 the focal plane of the
col limating | ens-104, and the indicated Wstances L1 and L2 satisfy in

cases of a sinple lens 102: 1/L1 + 1/L2=1/F, where F is the focal

length of the | enin fabAcating integrated circuits, it is desirable, for example, to have as
-3 - In fabricating integrated circuits, It I's desirable,

for exanpl e mamy transistors per waferasypdssible. Hents, ibisrdesitbble to maKkstransiStor
Hence, it is desirable to nmake transistor sizes as snmall as possible.
Simlarly itsides asesinalilasgadssiblekSimilarlyritisidesirablets infdi@ as small as\poesityies
feature size, such as the feature size of a nmetallization stripe-i.e., its
5 wi dt h- oanyfother f@aturesize, isuchasithe fikatuiensjzé af a metaliization stripeei.é., its ed
with netal, for exanple, in order to formelectrical connections
bet ween 8ne Widthetor of an apertuse iman insaiating layer thatis te be filled with metal, for
According to geonetric optics, if it is desired to print on the photoresist
example, in order to form electrical connections between one level of

metallization and andther.

According to geb'metric.optics, if.it is desired to print on the photoresist
!éyer 101 the corresponding feature having a width equal to W, a feature having:
10  awidth equal to C is located on the mask (reticle) 103. Further, according to
geometric optics, if this feature of width equal to C is a simple aperture in an
opaque layer, then the "lateral magnification” m = W/C, where m = L2/L1. When
diffraction effects bepome important, however, instead of a sharp black-white
_ image, a diffraction pattern of the object feature C is formed on the photoresist
15 layer 101, whereby the edges of the image become indistinct. Consequently, the
resolution of the features of the reticle 163, as focused on the photoresist layer

and transferred to the workpiece, deteriorates.

In prior art this diffraction problem has been alleviated by such techniques
as using a mask héving phase-shiftiné‘ regions containing a pattern of phase-
20 shifting features. The mask is then known as a "p.h?ase-shifting mask;'-_-an'd
hereinafter the mask 103 wil therefore likewise be called "the phase-shifting
" mask 103." These phase-shifting features impart a phase shift ¢ to tﬁe_optical
beam of wavelength A propagating through the mask 1 03_i'e,lative to other |

features on the mask located on selected areas of the mask. Typically this



| ayer ‘101 the corresponding feature having a width equal to W a feature
havi ng 10 a wdth equal to Cis located on the mask (reticle) 103.
Further, according to geonetric optics, if this feature of width
equal to Cis a sinple aperture in_an opaque | ayer, then the "lateral
magni fication® m= WC, where m= L2/L1. Wen diffraction effects
becone inportant, however, instead of a sharp black-white | mge, a
diffraction pattern of the object featurg.Cis forned on the photoresist 15
| ayer 101, whereby the edges of the inmage becone indistinct. Consequently,

t he resol ution of the feagtures of t retj 3, as fogcused on the
phot or esi stFﬁ'?"‘!i"ﬁ'—:'"?h'19 Pis mﬁﬁjewéﬁe FQPF%“?&?X ﬁZ%@oﬁpﬂ‘BE @?ﬁﬁm @f&'@?ﬁt es.

In prior art this .diff tion problem has .been alleyjated such . . -

{ echni ques Phass-shitingdpafies .0k eAIN g A 2cSt e pgmay FRAtNI& Bial"ni ng
pattern of ﬁse- O shifting features. The mask is then known as a :
"phase- shi fi 5 "-and hereinafter the nask 103 will therefore

| i kewi se be called "the phase-shifting mask 103.." These
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approximately, at the wavelength A. An "attenuating area" is a partially

transparent area —i.e., an area in which T (at the wavelength A) advantageously -

is in the approximate range of 0.05 to 0.15, typically approiima'tely.o.m. The

10 phase shift ¢ is then the phase shift of the radiation of wavelength A propagatingé _

through the clear areas relative to the attenuating areas. Such'a mask is known

as an "attenuating phase-shifting mask." In addition, if desired, the primary

feature region of such a mask can include opaque areas — that is, areas for

which T < 0.01, approximately, at the wavelength A.

15- Thus, in an attenuating phase-shifting mask, features such as that shown.
in the form of a simple aperture C in the mask 103 will become more complicated
than just simple =énpert_ures and will include the péttem of the above-mentioned
phase-shifting features (not shown in FIG. 1). More specifically, fhe'pﬁmary :
feature region contains the éboirementioned pattern of phase-shifting features

20 whereby the -images foﬁned by them on the photoresist layer 101 cqrresp'ond to
device features of the workpiece 120 (such as selected‘ areas of the workpiece
120 where impurity jons are implanted or selected areas of the workpiece 1 2Q

where portions of the workpiece 120 are removed).



of t he mask. Phase-shi fting nasks can be fabricated with their
phase-shifting features 5 forned by "clear" areas and ™attenuating”
areas. A "clear area" is a transparent area - i.e., an area havi ng an
optical intensity transm ssion coefficient T = 1, ~approximately, at
t he wavel ength [err]. An "attenuating area" is a partially
transparent area -i.e., an area in which T (at the wavelength [err]) '
advant ageousl y is in the approxi mati_range of 0.05 to 0.15, typically
approxi mately 0.10. The 10 phase shift T®rr] is then the phase shift of
the radiation of wavel ength X propagating through the cl ear areas
relative to the AStkaowninthe arkastesant repeatdaoli(sokshown) |.:'.j use?] s an
"attenuatin hase-shifting mask." In addition, if desired, t e primary
feature regi%BﬁlW'QG(‘Mthaa ﬁ%&a%mea&mﬂy@mmﬁqud exposure-probedurefor a[r ﬁas for
which T < 0.01,. approxinately, ‘at the. wavel ength [err]. 15. us, in
an attenuat i@@"'ﬁﬂ%@%ﬁ"ﬁ W%ﬁmihef mﬁtgmt&)@ﬁ 183. Festhis psogedure, thei n
t he form of L.l perture. Ci.n the nask 103 wil ecorfe nore |
conpl i cat ed “%rﬁp'gg?ﬁgﬂ I &EB“@M?HNB*%B%? ?@%EW% @‘31 MHJ?PMOBET tG er 2)
of the ove- e hase-shifting features, (not, K shown in_| .
Mbr e sngi fwy 'gﬁgnﬁ? and, compass?gbylﬂ%g TESUIiIRG, Steprangd-rapaat position
abovenenti o : hi fLin eat ures 2 reby the images
formed by ¢ %E%%ﬁ%%‘ii%@@é%ﬁ#%ﬂq%ere@at?@ﬁﬁnaf‘t‘@aﬁh device
features of ; Ja) f : l . t rkpi ece
120 where | CoesEGHdin 5, drctindlhifRegion GFtngihIRhGRBIE layb L% ERagiedt c
120 WMiPSGedeRsiont8he optiba bikink i fieSystdn 208, TR bsure can be of
the kind that exposes an entire chip reéion all at once to the incident optical
10 "beam (which has a sufficient cross section to encompass an entire chip region) -
or that scans the chip regiop with the incident optical beam (which does not have

a sufficient cross section to encompass an entire chip region).

In order to align the mask 103 to the step-and-repe_ét tool (hereinafter,
- "stepper tool") for the step-and-repeat procedure, mask-to-stepper tool alignment |
| 15 : marks (hereinafter “reticle alignment marks") are located on the mask 103 |
- outside the primary feature region. Ad\_léntagéously these reticle alignment '
marks (not shown in FIG. 1) comprise opaqué éreas. It is essential that these
~ reficle alignmentk_malks'have edges that are self-aligned with respect to the
edgés of the primary featuré region's attenuating areas. That is to say,: it is
20 essential that these reficle alighment marks and the attenuating areas of the
- primary feature region gre forfned during the same lithographic processing steps
in which a single patterned resist layer deﬁﬁes both the edges of the reticle
alignment marks a'nd the edges of the attenuating areas of the primary featﬁre

region.



As known in the art, a step-and repeat tool (not shown) is.used in
conjunttion with a step-and repeat novenent and exposure-procedure for

form ng successive i mages on the photoresist |ayer 101. For this procedure,
t he wor kpi ece 120 is subdivided into chip ("die") regions. Each such
chip region 5 typically is defined and enconpassed by one resulting

st ep- and-repeat positi-on of the workpiece 120 (overlain by the

phot oresi st |ayer 101). Each correigonding (i.e., overlying) chip

region of the photoresist layer 101 is éxposed i n succession to the

optical beamin the system 100. This exposure can be of t he. ki nd t hat

exposes an enti rAs furtheriaowimindhé agt; iroorder tolirit the opfickt radiatién ineldeh® onbeam

(which has a sufficient cross section to enconpass an entire chip region)

or that scathe phetoresist layer 101 tei ane chip region @t attingtthe steppentodhdontdingloes

not have a sufficient cross section to enconpass an entire chip

region).  an opaquing shyites(beseinagtes) "shuttemade!3.k In orler o compensatefon- r epeat

tool (hereinafter "stepper tool") for the st.eg_- and-repeat procedure,
is
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10 feature area on the workpiece 120, the inside edge of the .Qbaque ring is self-
aligned with respect to the features of the primary feature region. However, in
the case of an attenuaiing phase-shi_fting mask, i}(in the interest of economy)
this ring is fabricated simultaneously with, and is fabricated with the same
- attenuating materials as those of, the attenuating areas (of the primary feature
15’ region), then this ring will thus transmit approximately 10 percent of the incident
light intensity, instead of zero. Conseé;_uéntly, during the step-and-repeat ’
exposure procedures, edge regions of the primary feature région will receive as
much as .approxirpatély 20 percent (= 2 x 10 percent) of thé incident light
intensity because of their having been exposed to the incident light during as
20 many as two different ste_p?and-repea't exposures. Corner regions will receive as
mi_xch as apprbximately,gto percent (= 4 x 10 percent) of the incident fight
intensity because of their having been exposed to the incident light on as many
as four diffe_rent stép-and-repeat_ exposures. An unwanted optical béckground

thus arises in the edgé and corner regions of the primary feature regions. This



-6°- As further known in the art, in order tolimt the
optical radiation incident on the photoresist layer 101 to one chip
region at a tinme, the stepper tool contains an opaqui ng shutter
(hereinafter, "shutter blade"). In order to conpensate for

unavoi dabl e positioning errors assoctated with |l ocating this shutter bl ade,
an 5 opaque ring (not shown) is |ocated on the nmask itself. This opaque
ring encircles the primry featur§7[egion. Advant ageously, this
opaque rng has an inside edge that "is self- aligned with respect to,
and borders the primar feature.reglon In order to mnimze
the di st anchackgsounsbwilceayserdsgerioration of ther definitianofithe features locateddnd- r epeat
procedure), and hence to avoid wasting precious primary 10 feature area on
t he wor kpi e@@%ﬂgeta@ GOBRGERgIANe of the opaque ring is self-

aligned with respect to the features of the primary feature region.

However, in
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i nci dent | iBture region, rather than by opaque areas. This reduction in contrast ratio can
cause a deterioration of the accuracy of the alignment of the mask 103 relative to

the stepper tool and hence ultimately to the workpiece 120.

10 Moreover, as mentioned above a phase-shifting feature in an attenuating’ "
phase-shifting mask is defined by two basic kinds of areas: (1) attenuating areas,
and (2) clear areas. It would therefore be desirable to have a method of
fabﬁcating these two kinds of basic areas, together with opaque areas for the

: reticle alignment marks or for the opaque ring, or for both the reticle alignment

15 marks and the opaque ring, in a self-aligned manner. That is to say, it would be

. desirable that the method can deﬁné the phase-shifting region, including the
edges of its attenuating areas, during the same lithographic steps as the method
defines the edges of the opaque ring or of the reticle alignment marké, or as the
method déﬁnes the 'edges of both the opaque ring and the reticle aliénment

20 marks. In aadition, if the primary feature region contains opaque areas, it would
be desirable that the m'éthqd can form th_ese opaque areas during the ;same
lithographic steps as, and (if desired) in a self-aligned manner with reépect to; -

the primary feature region's attenuating areas.



inténéity because of their having been exposed to the incident |ight during
as 20 "many as two different step-and-repeat exposures. Corner regions wll

receive as much as approxinmately 40 percent (= 4 x 10 percent) of the
i nci dent |ight intensity because of their having been exposed to the
I ncident |ight on as many ~as four different step-and-repeat.
exposures. An unwanted optical background thus arises in the edge and
corner regions of the primary feature rg@Lons. Thi s

-7 - background will cause deteriOration of the definition of the

features located in these edge and coner regions. In
addi ti on t cSumman-eflpventionpr obl em the sharpness of definition
(contrast ratio) of the imges of the abovenentioned reticle alignnent
marks are 5 reduced when these alignment marks are formed (in the interest
of econony) by Inorderfpachieveiane eragee af the feregetngsdesirgdendshan aptiealat i ng
areas of t rinps . featyure region, rath t han by opaque areas.
Thi s reducnﬁ'&&rﬁﬁﬁgdﬁ?ﬂééﬁ’h@&??ﬁ%@ﬁed as {p‘edﬁﬁ%$é3 %@.@rﬁyﬁq{ﬂ i19R, 8t t he
accuracy of L,i_an t of .t mask 103 relative to t he stepper
t ool and hefﬁéa%f?f’ia%ﬁga??ﬂ?%t%"%mgﬁ}% 120. 10 Mbr eover, as
menti oned above a phase-shifting feature in an attenuating

(a) providing a transparent substrate having a top major planar

5 surface upon which is located a first layer made of a first materié!, the first layer
advantageously having a substantially uniform first thickness h, and the first

material being partially transparent to 6ptical radiation of wavelength A;

(b) depositing a second layer made of a second material .
everywhere on the top surfaceé of the first layer, the second layer being made of a
10  second material that is chemically different from the first material, the seco;ld layer
having a substantially uniform thickness, and the second layer being sufficiently
thick so as to be, in combination with the ﬁrst layer, opaque to the radiation of

wavelength A;

(c) fgrming a first patternéd resist layer on the top surface of the .

15 second layer;

(d) ;tching lateral portions of the first and second layers, using the
first patterned resist layer asa protéctive layer against the etching of the gecohd_
layer, and using the first patterned resist layer or a résuiﬁng patterned second
layer as a protective mask against etching the first material, whereby'a first .

20 patterned_opaque léyer is formed having spaced-apart areas eaﬁh of which has

| at least one edge (hereinafter "sidewall") and each of'which is composed of a



phase-shifting mask is defined by two basic kinds of areas: (1) attenuating
ar eas, and (2) clear areas. It would therefore be desirable to have a
met hod of fabricating these two kinds of basic areas, together with
opaque areas for the reticle alignment marks or for the opaque ring,
or for both the reticle alignnment 15- marks and the opaque ring, in a

sel -aligned manner. That is to say, it would be desirable that the
nmet hod can define the phase-shifting regiyon, including the. edges of
its attenuating areas, during the-sanme [Ftthographic steps as the nethod
defines the edges of the opaque ring or of the reticle alignment marks, or
as the resuitirigopatterhed dayer lof thelsecondf material overlyinpa vesulting siildriyhe
reticle alignnment 20 narks. In addition, if the primary feature region
cont ai ns oppgtemeaddayer oftthedicstanaterial; be desirable that the nethod can form

t hese opaque areas during the sane | i t hographic st eps as, and (if
desired) in a self-aligned manner with respect to ﬁrlnar
feature region's att e(ﬁ%a forming:a saeond patterned reslst Iayer that coatst e entire top
- 8- Sunmary of I nventijon In order to achjeve one or
nmore of t hes‘P'Z.fﬁwo‘P ngnddhe P@H"ee?mes&ﬁ“mﬂ @ least some, putaetall of thevask,
whi ch ¢ use as the mask 103 in the 'system 100, is fabrlcated
accor di % t SPAGRI-APAM SRRy st eps: :
{j] 'etching only exposed portions of the patterned second layer
N using the secorid patterned resist layer as a protective mask against etching the
patterned second layer, whereby a sc_eéond patterned opaque layer and a
patterned partially transparent layer are formed.
10 During step (e), the patterned second resist ayer either coats only a

portion of a top surface of at least one (but not all) of the spaced-apart areas or

coats the sidewall of at least one (but not all) of the spaced-apart areas.

The second patterned opaque layer is thereby formed in a region where
the second patterned resist layer was present. The second pattemed opaque
15- layer - i.e., the (transparent) spaces between the spaced-apart areas or the
(opaque) areas themselves Ibcated in this region where the second pattered'
resist layer was present— serves as the region containing the alignment marks,
as well as the shutter mérks (if any). The patterned partially transparent layer is
formed in a region where the second patterned resist layer was not present and

20 serves as the regidn cgntaining the phase-shifting features.

~ Because during step (e) the second patterned ;esist layer coats the entire

top surfaces of, and the entire spaces between, at least some, but not all, of the



(a) providing a transparent substrate having a top major planar 5

surface upon which i's located a first |ayer nade of a first material, the
first |ayer advant ageously having a substantially uniformfirst

t hi ckness h, and the first material being partially transparent to
optical radiation of wavelength [err}; (b) depositing
a second | ayer nmade of a second materi al everywhere on the top
surface of the first |ayer, the second l@ﬁgr bei ng made of a 10 second
material that is chemcally different fr the first material, the second
| ayer havi ng a substantially uniformthickness, and the second | ayer
bei ng suf f i spacad-gpart areas hitberefareathet resuiting |sgccmdrpatlamedropaqua layer willr st

| ayer, opaque to the radiation of wavel ength [err]

(c) form ngba seifraligngdwitiy iespeetdoithe pausamedcnartralb' transperentdayero Thatds tos
second | ayer; (d) etching |l ateral portions of the
first and séabrtbem;;emnt athesecend pattemed resist jayer aead Mot beiptecisaser as a

Phe 115t palorbras ﬁ‘%g ws@cﬁt&?é%%&f%anf hég%ﬁgfsaaﬁsﬁbgm; ertt)h""”c'f _”%33;
pat e ned opadR ﬁ@%gé‘ésnﬁeﬁet S4B PP 203 Hogs 8Bt CRtinS FeaioR WerRhi o
has Zihg Sé‘r?émgﬂepa?ﬁ’ﬁﬁ tiRpaIt idyEr (pRisteiiiingredid) R¥oMm8h, Whi ch 1

conposed of

- Advantageously any remaining thickriess of the second patterned resist -

layer is stripped before using the resulting lithographic mask in the system 100. -

. Also, advantageously step (c) is performed by forming a first resist layer of
10  substantially uniform thickness on the top surface of the second layer; followed
by exposing the first }esist to a first pattern of actinic radiation; and followed by

developing the first resist layer.

Advantageously also, step (d) is performed by etching substantially only
the second layer using the first patterned resist layer as a ﬁrsi profectiVe mask,
16 followed _by (1) removing the first paﬁeméd resist layer, and (2) étching only the |
first layer using the resulting patterned secbnd layer as a second protective

 mask.
FIG. 1 depicts aq optical lithographic syétem useful in the practice of this

20 invention; and

FIGS. 2 - 6 depict cross-sectional elevation views of various successive



-9 resulting patterned | ayer of the second material overlying a
résulting simlarly patterned | ayer of the first material;

(e) formng a second patterned resist layer that coats the entire top
surfaces of, and the entire spaces between, at |east sonme, but not all, of
the 5 spaced-apart areas; - y (f) -etching only exposed
portions of the patterned second | ayer usi ng the second patterned
resist layer as a protective mask againsﬁ etching the ) patterned
second | ayer, whereby a second patterned Bbaque | ayer and a patterned
partially transparent |ayer are formed. 10 During step (e), the
patterned setages ofasphase-shiftinganasicbeingfabricated; imaccordangawith@nspecific t op
surface of at |east one (but not all) of the spaced-apart areas or
coats.the sidewall of at |east one (but not all) of the spaced-apart areas.
The second pihogiment efithginverdipBr is thereby formed in a region where

the second patterned resist |ayer was present The second patternd opaque 15

- layer - i.e., e (4 ransparent) spaces, het ween .t he aced-apayt areas or
t he (opaqueé‘ ’%-e}asgﬁegfﬁﬁf‘!/%ssqpﬂeﬁ? eyation,yiews Egﬁﬁs%sﬁ“’?he second
pattered Fesi er .was_ present-.serves,as the region,containing the
P gnment  natages of he Fabiicanbh 568 HRRSSShiTive ek RACDate) Wt ABODET | o ned
partial ly transparent laver d.s . formed in a regi on where the second
patterne rée?‘é'ﬁcﬁ‘ﬁ’{}’&d"mé@#&ﬁemv@é‘&ﬂﬁ and 20 serves as the region

cont ai ning the phase-shifting features. Because during step

(e) the secend.: s esist |ayer coats the entire top surfaces
of, and the ] et ween, at |east some, but not all, of the

As showninFIG. 2,a transpargﬁt parallel siab 10, typically of cjuartz. has:
" a top major surface 10.5 upon which is 'iocated a partially transparent layer 11. .
This partially transparent layer 11 is typically made of molybdenum silicide and --
10 has a thickness typicélly ih the approximate range of 80 nm to 100 nm. Upon
the top surface of this partiélly transparent layer 11 is located an opaque layer
1 2,‘typicaily of chromium ér chromium qunitn’de. This opaque layer 12 need not
; | be opaque by itself, but should have a thickness that is sufficient to render the -
combination of this opaque -Iayer 12 anfi the partially transparent layer 11

15 . opaque with respect to light of the wavelength A.

A pattemfed resist layer 13 is located on the top surface of the opaqué
layer 12." The patterned resist layer 13 typically is formed by patterning a
uniforrhly thick resist _Iayer by meané of exposing the resistto a pattern of actinic
radiétion. such as a patfern of !ig.ht or of an electron béam, followed by

20 developing the resist. -

The top surface of the structure shown in FIG. 2 is subjected to a known

dry or wet etching, whereby the entire thickness of the opaque layer 12 is



-10- - spaced-apart areas - therefore, the resulting second patterned

opaque | ayer w | be self-aligned with respect to the patterned
partially transparent layer. That is to say, the alignnent of the
second patterned resist |ayer need not be precise so long as it coats

the entire surfaces of, and the-entire spaces between, the 5
spaced- apart areas that are to be opaque and does not coat the region where

the patterned partially transparent Iayei (phase-shifting region) is
f or med. Advant ageously any %nalnlng t hi ckness of the second
patterned resist | ayer is stripped before using the resulting

| i t hogr aphi remeedd atintalkregiortsanot pdétected by the patterne resist dapexriGagnadhisl y step -
(c) is performed by forming a first resist |ayer of 10 substantially
uni f or m t hi wlayethe epaquedayenp12 becemes afpatiesnedbopanlie layer 32 {BIG. @)chext by
exposing the first resist to a first pattern of actinic radiation; and
fol | oned bythe thus expesed ppﬁmsmf the partially rasspareptiayer 11 are subjected to a
Advant ageousl y al so, step )-is performed by etching substantially only

the second KBQWR dngphwet ﬁtc ng, wheseby theentire clsrtessg§@f thesexpasedgegions -
P B Bl et 1 o R Wt s
patter ned Secﬂlaﬂy opgque"il yer 315 ormé%f Oﬁ%gtpa}/temed paméﬂ%’ opaque layer 31
together with the (overlying) patterned opaque layer 32 form spaced-apart areas
each of which is formed By a pair of composite layers 31, 32. As viewed from
abos)e (not shown), these spaced-'apal:t composite layers 31, 32 typically can
10 - take the forms of mutually separated (elongated) stripes, mutually separated

islands, or a combination of both.

' Any remainiﬁg portions of the -resist layer 13 are then removed
("stripped”). Altématively any portions of the patterned resist layer 13 that
- remain subsequent to the etching of the opaque layer 12 but prior to the etching
15° of the partially transparent layer 11 are removed prior to the etching of the
" partially transparent layer 11. In such a case, the pattemed opaque layer 32
— serves as a protectlve patterned mask against the etching of the partially

transparent layer 11..

Next (FIG. 5) the top surface of the structure being fabricated is coated
20 with a second patterned resiét layer 15. It can be patterned in much the same
manner as was the resist Iayér 13 (FIG. 2). This second pattemed resist
layer 15 coats the entire top surfaces of, and the entife spaces between, some,
but not all, of the composite Iayérs 31, 32. It also coats orily a portion of the top

surface of one of the composite layers 31, 32. Then the structure being



Bri ef Descrlptlon of the Draw ng : FIG 1 depicts an optical
| i t hogr aphi ¢ systemuseful in the practice of this 20 invention; and
FIGS. 2 - 6 depict cross-sectional elevation views of various successive
stages of a phase-shifting nask being fabricated, in accordance with a

specific

enbodi nent of the invention. FIGS. 7 - 8

depi ct cross-sectional elevation views of two successive . st ages of
the fabrication of a phase-shifting nmask, in accordance with another 5
speci fi ¢ embodi ment of the invention. =-13- Detailed Description

As shown in FIG 2, a transparent parallel slab 10, typically of quartz,

has:
t ranspar ent

10

15’

fﬁhnmtédaisllwubﬁemé@wa Kdownupstrordry etch that RMGVES theleitite 2! | Y
ayer

thickness of, and only of, the exposed portions of the pattemed opaque layer 32
but does not remove any significant amount of the thickness of the-patterned

partially transparent layer 31. In this way (FIG. 6) a pattemned composue layer

31, 32 and 31,62 remains only in those Iocatlons where the second patterned

resist layer 15 was present. In the other locations, where the patterned resist
layer 15 was not present, the only remaining layer (if any, apart from the

transparent slab 10) is the patterned partially transparent layer 31.

Finally, any remaining resist material of the patterned resist layer 15 is
removed. The resulting structure (FIG. 8) is particularly useful in case the
phase-shifting feature of the mask formed by the noncomposite layers 31 ’
terminates at its right-hand edgé in a partially transparent (T = 0.1) layer. In
case this feature terminates at its right-hand edge in a tra_nsparént layer the
successive fabrication stage_,s représented by FIGS. 5§ and 6 are replaced' by

those represented in FIGS. 7 an'dla, respectively, More speciﬁcally, the second

| - resist layer 15 (FIG. 5) is replaced by a second resist layer 17 (FIG. 7). This

20

latter resist layer 17 differs from the resist iayer 15in 'that the resist layer 17
coats only a portion of the space between a pair of adjacent patterned c_orﬁposite
layers 3,1"', 32. The éxposed portions, and only the exposed portions, of the
patterned opaque layer 32 (but not any signiﬁcant thickness of the pattemed |
partially transparent layer 31) are wet etched or dry etched. Fmally, the

~ patterned resist Iayer 17 is completely removed (FIG. 8).

In the structures depicted in FIGS. 6 and 8, the patterned noncomposite
attenuating areas 31, together with the spaces between them, form the primary



This partially transparent layer 11 is typically made of nol ybdenum
sitficide and 10 has a thickness typically in the approximate range of 80

nmto 100 nm Upon the top surface of this partially transparent
| ayer 11 is |ocated an opaque Iayer 12, typically of chrom um or
chrom um oxynitride. This opaque | ayer 12 need not be opaque by

Itself, but should have a thickness that is sufficient to render the

conbi nati on of ‘this opaque layer 12 and the partially transparent |ayer 11
15- opaque with respect to light of the wavel ength [err]. A
patterned resi'st layer 13 .is |located on the top surface of the opaque

layer 12. THeatuse tegiomdin the strudtareadepicted WpFIG 8, the Ea&em (Compdsifelstedl Ny a
uniformy thick resist |ayer by means of exposing the resist to a pattern
of actinic 31,62 canderve as the opaqus ringpdn the strudture depicted iFIGI8, ¢hect r on
beam follomed by 20 devel oping the resist. The top surface
of the strucompositnamea3i, 82 tcated closest todhe patternedironcomposite ategs 81 wet
etching, whereby the entire thickness of the opaque | ayer 12 is

-12 - Can&aive as éme ppague nnggimhgthﬂﬁﬁnﬁmﬂ; chelremaining somposite

resi st yer 13. In%é t he opaque |ayer 12 beconmes a patterned
opaque I yelar%QS 8t 32 cay spps@ as the fet'?’ﬁeahgﬁﬂ?né d portions of the

partially transparent |ayer 11 are subjected to a o
In the structures depicted in both FIGS. 6 and 8, all the sidewalls of all the

areas 31 and 32 were defined by the same patterned resist layer 13 and hence
are seh'-aligned with respect to one another. Although fhe Ieﬂ-haﬁd sideﬁva!l of
the area 62 (FIG. 6 only) was not defined by the pattefned resist layer 13; |

10 nevertheless, the right-hand edge of this area 62 indeed was defined by the
patterned resist layer 13 and is therefore self-aligned with respect to the areas
31 and 32, and the entire area 62 was fabricated by the same processing steps
as were the areas 32. Mereover, both the left-hand and the right-hand s?’dewélis
of that attenuating area 31 which underiies the area 62 are self-aligned with

15 respect to all the other attenuating areas 31.

Although the invention has been'deseribed in detail in terms of a specific
embodiment, various modifications can be made without departing from the |
'scope of the invention. For example, if desired, one or more opaque areas can
be fabricated in the phase-shifting region, each of such areas having one or
20 more of its sidewalls being self-aligned in similar manner, respectively, as the
| patterned opaque area 62 (F1G. 6) or the patterned opaque areas 32 (FIG. 6 or
FIG. 8). B S |



known” dry or wet etching, whereby the entlr ged .. .
réglons 5 of the partially transparent ' mm Hﬂﬂa e ﬂﬂbaﬁngHA5t%£§-H

(FIG 4) a patterned partially opaque* ayer I's Torngd. TheseLacen
patterned partially opaque |ayer 31 - t oget her W|th the éﬁFeH«wﬂgaw-mm;w.,;i
patterned opaque |ayer 32 form spaced-apart areas each of which is '
formed by a pair of conposite |layers 31, 482. As viewed from above

(not shown), these spaced-apart conposite |ayers 31, 32 typically can 10
take the fornms of nmutually separated (el ongated) stripes, nutually

separ at ed I sl ands, or a conbination of both. Any
remai ni ng portions of the resist layer 13 are then renoved

("stripped” Al ternatively any portions of the patterned resist |ayer 13
t hat subsequent to the etching of the opaque |ayer 12 but

prior to the etching 15 of the partlally t ransparent Iayer 11 are renoved
prior to the etching Lial ar ent In such a
case, the patterned oga(ﬁj ﬁt%?ffggkmg an é@?“‘@g@?’ggmg fﬁ'@?é’(tppm"ﬁmtéﬁned
mask agai nsé b?ﬁ? etching of the partially transparent |ayer 11.

Next (FI G Se é top surface of the structure being fabricated is coated
20 with a second patterned resist layer 15. It can be patterned in nuch

pat torned resist - CDpevei asEpsote (Fhavido Hiobsyface LBoRMITERE, 1,

entire spacpgaklf RA ’Iay%?gg‘?)t, the fi thﬁFBblngl partiQly t?é]fs apem o ohﬁcélayer s 3L,

32. It also coats only "a ion o e of the
conposi t5 | rudidtion’df a WavelBhgth Ahe structure being

(b) depositing a second layer (12) chemically different from the first
layer on the top surface of the first layer, the second layer being sufficiently thicI:(
so as to be, in combination w;th the first layer, opaque to the optical radiation of

the wavelength A;

10 ' (c) forming a first patterned resist layer (13) on the top surface of

the second layer;

(d) efching the first and second layers, using the first patterned
resist layer as a protective layer against etching of the second layer and using
the first pattemec_i resist layer or the resulting patterned second layer as a
15 protective mask against étching the first layer, whereby a first pattemed opaque
layer (31, 32) is formed having spaced-apart areas each having a top surface

bounded by at least ong sidewall;
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-13- - fabricated is subjected to et ci %ﬁﬁ@gH_,e_ VES mronr
the ‘entire t hi ckness of, and onl y?ﬂ“%%ﬁﬂ!ﬂ@"ﬁort iggns Of»ﬁﬁg%%b%” |
¢ S T 2’ $

patterned opaque | ayer 32 but does | gni teant—arouil . |
of the thickness of the patterned partially transparent layer 31. In

this way (FIG 6) a patterned conposite |ayer 5 31, 32 and 31, 62

remains only in those | ocations Wwhere the second patterned resi st

| ayer 15 was present. In the other |ocations, where the patterned resist
| ayer 15 was not present, the only remaiLRigng |ayer (if any, apart fromthe
transparent slab 10) is the patterned partially transparent |ayer 31. '

Finally, I ni | St terigl of th t I st | ay 15 i
o o 0 o] oo Rl B R 1 L7 151
th h -shifti f et f.th K d by th
oo e 9.l o 6 Sk O e il S e
i all : = his f
P Y RS L B et o BiaL

successive fabrication stages represented by FIGS. 5 and 6 are repl aced by

the second o eor (D PEDID orly BRAeShA SGRERE bt Rl donclfed s 05 FhER. | ¥
layer 175(Flgng'the s% d, atteméoaitésﬁ é@&&?'ﬂ%ﬁla bl%‘(é‘étivé@?ég %ﬁi@stféteﬁih e

resist |ayer ﬂgln t e resist a portion of

t he space b ' ' ' ' yers 31,
PatiefiedPsétind IﬁileI?Wtﬁl?%E\{ ﬁ?%’g% Egge %H%%his.lé I%¥erﬁ?g| a;‘o

0L
32. The exposed portions, and on portions,

patterned opattemddpatialytrahspharent lageyard fanhedcant thi ckness of the
patterned partially transparent |ayer 31) are wet etched or dry

etched. Finally, the patterned resist layer 17 is conpletely renbved
(FIG 8). - 2. | The metivad oftlaine 4 inlwhich during step @8) the second, t he
patterned nonconposite attenuating areas 31, together with the spaces
bet ween t hepattemed resist layerwoats only a portion of the top surface of at least one, but -

10 not all, of the spaced-apart areas.

3. The method of claim 1 in which during step (e) the second
patterned resist layer coats only a portion of the space between at least one pair

of the spaced-apart areas.

4. The method of claim 1 followed by stripping the second

15 pattemed resist layer.-

5. The method of claim 1, 2, 3, or 4 in which step (c) is performed
by the steps of: |

et_ching substantially only the second layer using the first
patterned resist layer as a first protective mask against the etching, followed by
20 refnoving the first patterned resist layer, followed by etching only the first layer

using the resulting patterned second layer as a second protective mask.

This Sheet Has Been Repiaced
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-14° - feature region. In the structure depicted in FIG 6, the

patterned conposite area 31, 62 can serve a.sﬁ_thew.apaquemu_ng: In the
structure depicted .in FIG 8, the conposi t efjafe@ sdtet 3ds! 06t 6d.
closest to the patterned nonconposite areas 31 cqp;sg@g@ as _%e
opaque ring. In both FIGS. 6 and-8, the renai ni ngeepastt ateds 31,
32 can serve as the reticle alignnment marks. In the structures
depicted in both FIGS. 6 and 8, all the sidewalls of all the areas 31

and 32 were defined by the same patterned7resist |ayer 13 and hence
are self-aligned with respect to one another. Although the |eft-hand

si deval | of SELFbALéIGNED OPAQWE)REGIWN&EOReAT@ENUAHNG

patterned resist layer 13; 10- neverthel ess, the right-hand edge of this
area 62 i ndeed was defined byPHASE-SHIBTING MASKS st |ayer 13 and is
therefore self-aligned with respect to the areas 31 and 32, and the
entire area 62 was fabricated by the sanme processing steps ‘as were
the areas 3Abstmaetover, both the |eft-hand and the right-hand sidewalls
of that attenuating area 31 which underlies the ar ea 62 are self-aligned
with 15 respect to all the other attenuating area
- An attenuatlng phase-shifting optical hthographlc mask is fabricated, in a

specific embodiment of the invention, by first depositing a uniformly thick

molybdenum silicide layer (11) on a top pfanar surface of quartz (10). The

moiybdenum silicide layer has a thickness sufficient for acting as an attenuating

5 (partially transparent) layer in a phase-'shifting mask. A uniformly thick chromium

layer (12) is deposited on the molybdenum silicide layer. The chromium layer

has a thickness sufficient for acting as an opaque layer in the phase-shifting

mask. Next, the chromium layer is patterned by dry or wet etching, while the

chromium is selectively masked with a first patterned resist layer (13). Then the

10  molybdenum silicide layer is patterned by dry or wet etching, using the resulting

patterned chromium layer as a protective layer, whereby a com.posite layer of

molybdenum silicide and chromium is formed 'having mutually separated

composite stripes (31, 32). Any ren'iaining resist is removed. Next the top and

sidewall surfaces of some, but not others, of these mutually separated stripes

15  are coated with a second patterned resist layer (15). | Finally (FIG. 6), the
chromium layer, but not the molybdenum silicide layer, is removed from the

others of the mutually separated composite stripes.

D ) t II. I- . QG'E!ESZE&
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Al t hough the invention has been described in detail in terns of a specific
enbodi-nenty various nodifications can be nmade w thout departing fromthe
stope of the invention. For exanple, if desired, one or nbre opaque areas

can be fabricated in the phase-shifting region, each of such areas
having one or 20 nore of its sidewalls being self-aligned in simlar
manner, respectively, as the patterng@d opaque area 62 (FIG 6) or the
patterned opaque areas 32 (FIG 6 or FIG 8)..

REPLACEMENT SHEET |
1 A nmet hod of making an optical |ithographic pagld conprising the steps of
(a) providing a substrate having a surface upon which is

located a first | ayer firsq layer being parfiifel |y transparent to
optical radiation of EFaQSEren h [err]; g \

lb) depositing a second
| ayer chemcally different fromthe first Iayf \ he top surface of the
first layer, the second | ayer being sufficien i\

15 CLAI NS

\ck so as to be, in

combi nation with the first |ayer, opggue to thg I cal radiation of the
wavel ength [err]; (c) form™g a first{pptterned residb | ayer on
the top surface of the second | ayer; :
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(d) etching the first and second layers, using the first patterned resist
| ayer as'a protective | ayer against etching of the second |ayer and using
the first patterned resist layer or the resulting patterned second nmateri al
| ayer as a protective nmask against etching the first |ayer, whereby a first
patterned opaque |layer is fornmed having spaced-apart areas each having a

top surface bounded by at |east one sideW#®l : (e) formng a second
patterned resist |layer that coats the entire top surfaces of, and the
entire spaces between, at |east some, gb[i(not aL|, of the spaced-apart
areas; and (f) etching only the patterned second | ayer using the

second patterned rggist |ayger as a prjgtective mask agai gt etching t he
patterned second Iaygr, whil e usi ng ekposed portions ?f the firsydpatterned
opaque | ayer as a Y\ccti§%§§yﬁdk ' t chi 8 rne irsg
e ral ly
im@ a

| ayer, wherebyy 4 patldseiaed ¢ Z. € %
transparent |ayer NEORRERNR ) \ ) \ N
first pattern that \Ws sel f-
aligned with a second pattern of the partially transparent |ayer.

2. The nethod of claiml1 in which during step (e) the second patterned
resist |layer coats only a portion of the top surface of at |east one, but
not all, of the spaced-apart areas. I?I(;' 55
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-..16- 3. The nmethod of claim mllmmml Mum step (g)EP{'AQEMENBr%’EET

patterned resist |layer coats only a po e beLmemaleeaégmm--
one pair of the spaced-apart areas. 4. Fhe smet hod] ,ﬁé@ﬂ;{}# SHEET
fol | oned by stripping the second patterned resist |ayer. 1

nmet hod of claim4 in which step (c) is performed by the LL%Q of3UOprggﬁ
etching substantially only the second | ayer using the first—

resist layer as a first protective misl%sagal nst the etching, foll ovved by
renovi ng t REAIMEst patterned resist layer, followed by etching only the

f t | h |
TS T v v hw sra et fosoato
per f or med Sﬁm?ﬁjesjsq%ﬁsheoﬁteps oe 'Y forming a first resist layer of

substantial Iy unif éam phiekdiers onsudmdaee srvfiageaokopheuseaesdubayer ;
exposi ng t r [ atter gLinic radi ation;.and
devel opi ngwtﬁhﬁﬁfl% slt%?{é%l&sé %ﬁsﬁc ié};elp the ;; P;ﬁ]aaﬁfho%lrbgr @Irﬁﬁﬁ*% I n
whi ch st eptTRYSPATSRT {55 PPG 169 t’ﬁ@dls?efelﬁl of & wavelengtdt dhi ng substantially

only the second | ayer depbrgtihg Isééén@éltaﬁz%&”&%nh%%ﬂliﬁz a8y RIr& 2rbhr St
prot ective_jps

patterned resi s%%gglyggyeﬁt‘”gg?g&g ngetgblﬁfﬂijeoﬂg tg‘gggf'%ggttg%%;rgé?ng t he

resul ting pacerd né@@cohdlh@ymﬁf&caeseﬂ:pnctmram eebi vas mesk. be, in 8.

The net hodc&hbhadiBnl WREMNIGR SEEPsE ChalySPErSUIRI to the optical
radiation of the wavelength A;

(c) forming a first patterned resist layer on the top
surface of the second layer;

(d) etching the first and second layers, using the
first patterned resist layer as a protective layer against
etching of the second layer and using the first patterned resist
layer or the resulting patterned second material layer as a
protective mask against etching the first layer, whereby a first
patterned opaque layer is formed having spaced-apart areas each
having a top surface bounded by at least one sidewall;

(e) forming a second patterned resist layer that coats
the entire top surfaces of, and the entire spa:ces between, at
least some, but not all, ‘of the spaced-apart areas; and

(f) etching only the patterned second layer using the
second patterned resist layer as a protective mask against
etching the patterned second layer, while using exposed portions
of the first patterned opaque layer as a protective mask against
etching the patterned first layer, whereby a second patterned
opaque layer and a patterned partially transparent layer are
formed, the second patterned opaque layer having a first pattern
that includes at least an alignment indicator that is self-
aligned with a second pattern of the partially transparent
layer.

2. The method of claim 1 in which during step (e) the
second patterned resist layer coats only a portion of the top
surface of at least one, but not all, of the spaced-apart areas.
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by the steps of : et chi ng substlmm g e s%cﬁﬁﬁ;’%ﬁww%ﬁ%*
the first patterned resist |layer as a ﬂ agai
etching, followed by renoving the firs esd st yere Eg¢ﬁtae§m§y

etching only the first layer using the resulting patter ned cofd-tayer

a second protective nmask. 9. The nethod of claim8 followed by the

| Scranimsbi oI

step of stripping the second patterned resist |ayer. 10. A

phot ol i t hogr aphi ¢ met hod i ncl udi ng t hel8teps of

mask i n accordance3 wiThe ieehatieps efani ai ﬁmlwhlch during step (e) the

_17 -
t he nmsk,

d f_th
seep et el e P kel QL BT 2 oG SBoat 1 mG PRRGOn 1 he

(a) formng the

dsS

mask onto BEEFRSR FhotedeEsPae- pajerof ddwt enaceadaapmitorareasf.ace of a waf er

or onto a |layer ofs su’miéaiﬂ@ehé&caiedl&ﬂnthef@ﬂeﬁeé%{;a%%r@{) iﬁ?
(c) devel ogégcgn&go e|rrncédpgotc)res st | ayer, whereby an edge}f) ure is
ef ‘f rng a feature at the mgjor surface of

the wafer or in the ITeYl)@emeblﬁO@mtfst:éﬂme 4 lespeith \stlep, (¢h iacpetrdapgaedw t h

orned thereérn:

by the steps of :

etching substantially only the second layer using the
first patterned resist layer as a first protective mask against
the etching, followed by removing the first patterned resist
layer, followed by etching only the first layer using the
resulting patterned second layer as a second protective mask.

6. The method of claim 1 in which step (a) is performed
by the steps of

forming a first resist layer of substantially uniform
thickness on the top surface of the second layer;

exposing the first resist to a first pattern of actinic
radiation; and developing the first resist layer.

7. The method of claim 6 in which step (c) is performed
by the steps of

etching substantially only the second layer using the
first patterned resist layer as a first protective mask against
the etching, followed by removing the first patterned resist
layer, followed by etching only the first layer using the

resulting patterned second layer as a second protective mask.

8. The method of claim 1 in which step (c) is performed
by the steps of

etching substantially only the second layer using the
first patterned resist layer as a first protective mask against
the etching, followed by removing the first patterned resist
layer, followed by etching only the first layer using the
resulting patterned second layer as a second protective mask.

9. The method of claim 8 followed by the step of
stripping the second patterned resist layer.

10. A photolithographic method including the steps of:

(a) forming the mask in accordance with the steps of
claim 1;

g\ﬁg;er
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the edge feature in the second photo l
photol I t hographi c nethod including t E ﬁ%m IIIIH"l forr51 g 3§
mask in accordance with the steps of N (b) |$@%t1£m _L
radi ati on of the wavelength [err] onto the mask, and f ocusi-fig-Tesul ting

optical radiation propagating through the mask onto a second phot oresi st
| ayer |ocated on a major surface of a_wgfer or onto a |ayer of substance

| ocated on the major surface or the wafer; c) .devel opi n e
second phot or esi st (Plyedirsgtdmnghyorii cedgdadatire Og f"d}%“ba‘feﬁeﬁr’%]t&ﬁhxand
(d) form ngord eaher emaékll hemw goctsiipceealilthagwadprical | nadbetiayer of
subst ance, res Cttll\ﬁ%l gc%ﬁrd%%%% tth thetﬁﬁq:%e E”%%é%“ %gdi{%ezsecond
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11. A photolithographic method including the steps of:

(a) forming the mask in accordance with the steps of
¢laim 2;

(b) directing optical radiation of the wavelength A
onto the mask, and focusing resulting optical radiation
propagating through the mask onto a second photoresist layer
located on a major surface of a wafer or onto a layer of
substance located on the major surface or the wafer;

(¢) developing the second photoresist layer, whereby an
edge feature is formed therein; and

(d) forming a feature at the major surface of the wafer
or in the layer of substance, respectively, in accordance with
the edge feature in the second photoresist layer.

12. A photolithographic method including the steps of:

(a) forming the mask in accordance with the steps of
claim 3;

(b) directing optical radiation of the wavelength A
onto the mask, and focusing resulting optical radiation
propagating through the mask onto a second photoresist layer
located on a major surface of a wafer or onto a layer of
substance located on the major surface of the wafer;

(c) developing the second photoresist layer, whereby an
edge feature is formed therein; and

(d) forming a feature at the major surface of the wafer
or in the layer of substance, respectively, in accordance with
the edge feature in the second photoresist layer.
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substance located on the major surface of the wafer;

(c) developing the second photoresist layer, whereby an
edge feature is formed therein; and

(d) forming a feature at the major surface of the wafer
or in the layer of substance, respectively, in accordance with
the edge feature in the second photoresist layer.

14. A photolithographic method including the steps of:

(a) forming the mask in accordance with the steps of
claim 5;

(b) directing optical radiation of the wavelength *
onto the mask, and focusing resulting optical radiation
propagating through the mask onto a second photoresist layer
located on a major surface of a wafer or onto a layer of
substance located on the major surface of the yafer;

(c) developing the second photoresist layer, whereby an
edge feature is formed therein; and

(d) forming a feature at the major surface of the wafer
or in the layer of substance, respectively, in accordance with
the edge feature in the second photoresist layer.

15. A photolithographic method including the steps of:

(a) forming the mask in accordance with the steps of
claim 6;

(b) directing optical radiation of the wavelength A
onto the mask, and focusing resulting optical radiation
propagating through the mask onto a second photoresist layer
located on a major surface of a wafer or onto a layer of
substance located on the major surface of the wafer;

(c) developing the second photoresist layer, whereby an
edge feature is formed therein; and
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(a) form ngelthemn®Bsk in accordance with the steps of
(b) directing optical radiation of the wavelength A

onto the mask, and focusing resulting optical radiation
propagating through the mask onto a second photoresist layer
located on a major surface of a wafer or onto a layer of
substance located on the major surface of the wafer;

(¢) developing the second photoresist layer, whereby an
edge feature is formed therein; and

(d) forming a feature at the major surface of the wafer
or in the layer of substance, respectively, in accordance with
the edge feature in the second photoresist layer.

17. A photolithographic method including the steps of:

(a) forming the mask in accordance with the steps of
claim 8;

(b} directing optical radiation of the wavelength A4
onto the mask, and focusing resulting oEtical radiation
propagating through the mask onto a second photoresist layer
located on a major surface of a wafer or onto a layer of
substance located on the major surface of the wafer;

(c) developing the second photorresist layer, whereby
an edge feature is formed therein; and

(d) forming a feature at the major surface of the wafer
or in the layer of substance, respectively, in accordance with
the edge feature in the second photoresist layer.

18. A photolithographic method including the steps of:

(a) forming the mask in accordance with the steps of
claim 9;

(b) directing optical radiation of the wavelength A
onto the mask, and focusing resulting optical radiation
propagating through the mask onto a second photoresist layer
located on a major surface of a wafer or onto a layer of
substance located on the major surface of the wafer;
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and (d) formng a feature at the najor surface of the wafer or in
the | ayer of substance, respectively, in accordance with the edge feature
in the second photoresist |ayer. 18. A photolithographi c nethod

i ncluding the steps of: (a) formng the nmask in accordance with the
steps of claim?9; (b) directing optical radiation of the wavel ength

[err] onto the mask, and focusing resulting optical radiation propagating
t hrough the mask onto a second photoresi st |ayer
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SELF-ALIGNED OPAQUE REGIONS FOR ATTENUATING
PHASE-SHIFTING MASKS

Abstract

An attenuating phase-shifting optical lithographic mask is fabricated, in a
specific embodiment of the invention, by first depositing a uniformly thick
molybdenum silicide layer (11) on a 'top planar surface of quartz (10). The
molybdenum silicide layer has a thickness sufficient for acting as an attenuating

5 (partially transparent) layer in a phase-shifting mask. A uniformly thick chromium
layer (12) is deposited on the molybdenum silicide layer. The chromium layer
has a thickness sufficient for acting as an opaque layer in the phase-shifting
mask. Next, the chromium layer is patterned by dry or wet etching, while the
chromium is selectively masked with a first patterned resist layer (13). Then the

10  molybdenum silicide layer is patterned by dry or wet etching, using the resﬁlting
patterned chromium layer as a protective layer, whereby a composite layer of
molybdenum silicide and chromium is formed having mutually separated
composite stripes (31, 32). Any remaining resist is removed. Next the top and
sidewall surfaces of some, but not others, of these mutually separated stripes

15 are coated with a second patterned resist layer (1 5).' Finally (FIG. 6), the
‘chromium layer, but not the molybdenum silicide layer, is removed from the

others of the mutually separated composite stripes.



