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SELF-ALIGNED METHOD OF MAKING PHASE-SHIFTING LITHOGRAPHIC

MASKS HAVING THREE OR MORE PHASE-SHIFTS
Background of the Invention

This invention relates to optical lithography, such as that used for

fabricating semiconductor integrated circuit and other devices. More particularly the
invenition relates to methods of making phase-shifting masks, for use in optical
systems for lithographically fabricating such devices. These masks are also called
"reticles” particularly when used in optical systems having magnifications different

from unity.

FIG. 1 shows a typical optical lithographic fabrication system 100 for
delineating features in a workpiece 120. Typically the workpiece comprises a
semiconductor wafer (substrate), together with one or more layers of material(s) (not
shown) located ona top major surface of the wafer. More specially, monochromatic
optical radiation of wavelength A emitted by an optical source 106, suchas a’
mercury lamp, propagates through an aperture in an opaque screen 105, an optical
collimating lens 104, a lithographic mask of reticle 103, and an optical focusing
lens 102. The optical radiation emanating from the reticle 103 is focused by the
lens 102 onto a photoresist layer 101 located on the top major surface of the
workpiece 120. Thus, the pattern of the reticle 103--that is, its pattern of transparent
and opaque portions--is focused on the photoresist layer 101. Depending upon
whether this photoresist is positive or negative, when it is subjected to a
development process, typically a wet developer, the material of the photoresist is
removed or remains at and only at areas where the optical radiation was incident.
Thus, the pattern of the mask is transferred to ("printed on") the photoresist layer
101. Subsequent etching processes, such as wet etching or dry plasma etching,
remove selected portions of the workpiece 120. Portions of the workpiece 120 thus
are removed 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 underlying those regions where the photoresis;t remains. Alternatively, instead
of etching the workpiece, impurity ions can be implanted into the workpiece 120 at
areas underlying those where the photoresist layer was removed by the development
process but not at areas underlying where the photoresist remains. Thus, the pattern
of the mask 103--i.e., each feature of the mask--is transferred to the workpiece 120
as is desired, for ex'émple, in the art of semiconductor integrated circuit fabrication.
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16n relates to nethods of naking phase-shifting masks, for use in

o cal systens for lithographically fabricating such devices. These nmasks
“are also called "reticles" particularly when used in optical systens having
magni fications different fromunity. SPIE vol. 1604 11th Annua
BACUS synposi um 1991 teaches the formation ©2-3 photoresi st regi ons which
are exposed to 3 different levels of optical radiation by using a
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system 100 for deli.neating features in a vvor Pl ece I cal
wor kpi ece conpr pE metallization and other. Thus, for example ifitis deszred to print the

corresponding isolated feature having a‘width equal to W on the photoresist
layer 101, a feature having a width equal to C must be located on the mask
(reticle) 103. According to geometric optics, if this feature of width equalto Cisa

10 simple aperture in an opaque layer, then the ratio W/C = m, where m = L2/L1, and
where m is known as the lateral magnification. When diffraction effects become
important, howexer, the edges of the image become indistinct; hence the resolution
of the features of the reticle 103, as focused on the photoresist layer and transferred
to the workpiece, deteriorates.

15 In order to improve the resolution, in the prior art phase-shifting
lithographic masks have been taught. A phase-shifting mask is used as the mask (or
reticle) 103 in the system 100. Moreover, a phase-shifting mask comprises various
regions that impart various phase shifts to the optical radiation that originates from
the source 106 and propagates through the mask 103 in the system 103. More

20  specifically, these phase-shifting masks have opaque and transparent regions. The
transparent regions iypically have at least two different thicknesses suitable for
imparting at least two different phase shifts, typically 0 and = radians, to the optical
radiation (of wavelength A) propagating through the mask when it is being used as
the reticle 103.

25 For example, as shown in FIG. 2, a phase-shifting mask 200, typically a
slab of (optically transparent) quartz, comprises an optically opaque region 201
located at a top surface of the mask. This opaque region 201 is bounded by a pair of
edges running parailel to the Y-direction and terminating at say Y =Y.

The opaque region 201 typically can be supplied by an opaque metallic

30 region. Alternatively, this opaque region 201 can be supplied by a diffraction
grating region that is constructed so as to diffract light away from the zero’th order
of the resulting diffraction pattern, and thus the diffraction grating region is
equivalent to an opaque region when the mask 200 is used as the reticle 103 in the
system 100. Such a diffraction grating region, however, requires a higher resolution

35 than does the remainder (transparent regions) of the mask, whereby undesirably long
fabrication times, as well as undesirably stringent geometric tolerances, are required.
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seni conduct or wafer (substrate), together with one or nore |ayers of
mat eri al (s) (not shown) |ocated on a top major surface of the wafer. Mre
speci al ly, nmonochronatic optical radiation of wavelength [err] emtted by
an optical source 106, such as a nercury lanp, propagates through an
aperture in an opaque screen 105, an optical-Xollimting | ens 104, a
l'i thographi c mask of reticle 103, and an optical focusing lens 102. The

optical radiation enanat The ofpﬁ@‘;g ItegﬁmrggtpS@%&é@%ﬁ&@g@gﬁ%@ﬁﬁ@@éﬁns 102

onto a photoresi st. ocatéd on th rfacé of
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mask 200 The transition region 212 can also be subdivided, as indicated in phase-
10 shift mask 300 (FIG. 3), into transparent subregions 221 and 222 that impart phase
shifts equal to approximately n/3 and 2 x/3 radian, respectively.

When using the mask 200 or 300 as the reticle 103 in the system 100,
the optical radiation from the source 106 will be focused as an image on the
photoresist layer 102 in such a manner that this image will have a feature running

15 parallel to the Y-direction and terminating along an edge parallel to the X-direction.
Thus, after the development process the photoresist layer will be patterned; more
specifically, it will have a feature bounded by a pair of parallel edges running
parallel to the Y-direction and terminating at say Y = Y, (not shown) where Y =Y,
is the image of Y = Y. Finally, the thus patterned photoresist layer can be used to

20 transfer its pattern to the underlying workpiece 120, as by means of ion implantation,
or by means of dry 'or wet etching.

In a paper authored by H. Watanabe et al. entitled "Transparent phase
shifting mask with multistage phase shifter and comb-shaped shifter,” published by
SPIE in the above-mentioned Proceedings at pp. 101-110, multiple phase shifts in a

25 phase-shifting masks were obtained by using the multiple phase shifts produced in a
resist layer that had multiple thicknesses. The resist layer was located on a
transparent parallel slab. The multiple thicknesses were produced by development of
a resist layer, initially of uniform thickness prior to such development, having four
regions that had been implanted with four mutually different dose levels (i.e., charge

30 per unit area, one of them equal to zero) of electrons. Although only a single
alignment was involved for all the different dose levels (i.e., mutually self-aligned
thicknesses), a disadvantage of this method is that the resist layer is an essential
phase-shifting element that remains in the phase-shifting mask. Such a resist layer
cannot be repaired easily in case it has defects, is not stable with the passage of time

35 (during subsequent use as the reticle 103 in the system 100), and introduces
undesirable optical refleetions owing a resulting discontinuity of refractive index at
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- 2 - Surface of the workpiece 120 at areas underlying those where the
phot oresi st | ayer 101 was renoved by the devel opnent process but not at
areas underlying those regi ons where the photoresist remains.
Al'ternatively, instead of etching the 4

the interface of the resist layer and the underlying transparent slab.

Therefore, it would be desirable to have a method of forming a phase-
shifting mask having three or more phase-shifting regions which impart three or
more mutually differing respective phase shifts to the optical radiation of

5 wavelength A propagating through mask, but which does not require a separate
alignment step between each etching (i.e., a single-alignment method that thus
produces mutually self-aligned multiple phase-shifting regions) and which does not
rely on multiple phase shifting by resist material.

In addition it wovld be further desirable to-have a single-alignment

10 method of forming just two phase-shifting regions--such as regions 210
and 211--that impart two different phase shifts and that are separated by an opaque
region, as exemplified by the cut 11-11 shown in FIG. 2. And it would be yet further
desirable to havé a self-aligned method of forming an opaque region that does not
require a diffraction grating.

15 Summary of the Invention

In accordance with the invention, we provide a method in accordance
with claim 1. It is also advantageous that in addition the method is in accordance
with claim 2, 3, or 4.

Alternatively, the method is in accordance with claim 5. Itis also

20 advantageous that in addition the method is in accordance either with claim 6, 7, or 8
or with claim 9 or 10.
Brief Description of the Drawings

FIG. 1 is a diagram of a typical photolithography system using a phase-

shifting mask that has been made in accordance with the prior art or with the
25 invention;

FIG. 2 is top view diagram of a portion of a phase-shifting mask to be
fabricated in accordance with a first specific embodiment of the invention;
FIG. 3 is a top view diagram of a portion of another phase-shifting mask
to be fabricated in accordance with a second speciﬁé embodiment of the invention;
30 FIGS. 4-8 are elevational side views of a cross section of various
successive stages in the fabrication of a phase-shifting mask in accordance with the
first specific embodiment of the invention; and
FIGS. 9-10 are elevational side views of another cross section of various
successive stages in the fabrication of a phase-shifting mask in accordance with the
35 second specific embodiment of the invention.
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workpi eCe, impurity ions can be inplanted into the workpi ece 120 at areas
underiyi ng those where the photoresist |ayer was renoved by the devel opnent
process but not at areas underlying where the photoresist remains. Thus,
the pattern of the nmask 103 -- i.e., each fegture of the mask -- is
transferred to the workpiece 120 as is desired, for exanple, in the art of
sem conductor integrated circuit fabrication.

-3 - Only for the sake of clarity, none of the Figures is drawn to any scale.

Detailed Description

Referring now to FIG. 4, a slab 10 is made of a material, such as quartz,
that is transparent to the optical wavelength A emitted by the source 106 (FIG. 1).

5 Thisslab 10 has a top planar major surface on which is located a spun-on resist
layer: This resist layer advantageously has a uniform thickness.

Various regions 401, 410, 412, and 411 of the resist layer have been
subjected to mutually different dose levels D3, D2, D1, and DO, respectively, of
actinic radiation. These regions 401, 410, 412, and 411 advantageously have the

10 same topology (top view) as the regions 201, 210, 211, and 212 (FIG 2),
respectively, taken along the section labeled 9-9 (FIG. 2).

Tygically the resist layer is negative tone, such as a resist composed of a
polymer, crosslinker, and an acid generator--for example, SAL601 sold by Shipley.
The actinic radiation typically is an electron beam of 10 keV energy. The dose

15 levels D3, D2, D1 and DO in the regions 401, 410, 412, and 411 are monotonically
decreasing (D3> D2> D1> D0) and are respectively dependent on the respective
processing and development conditions, for example, the respective parameters of
post-exposure baking and development. Typically the dose level DO is essentially
Zero.

20 The resist layer is (FIG. 5) subjected to the wet development treatment,
typically a wet devélopment process--such as with a solution of ammonium
hydroxide in water, typically in the approximate range of 0.2 to 0.3 normality--for a
time interval that is sufficient to reduce the thickness of the region 411
advantageously essentially to zero, whereby a surface area 511 of the slab 10

25 becomes exposed. The duration of this time interval in general, of course, will
depend on the nature and concentration of active components in the developing
process. At the same time the thicknesses of resist regions 401, 410, and 412 are
reduced, whereby remaining resist regions 501, 510, and 512, respectively, are
formed--the thickness of resist region 401 being reduced very little, provided that the

30 dose level D3 was sufficiently high, and the thicknesses of the remaining resist
regions 501, 510, and 512 being monotonically decreasing.

Next (FIG. 6), the remaining resist regions and the exposed surface area
511 of the slab 10 are subjected to a dry etching, typically with a fluorine-containing
plasma such as proirided by CF4 or CHF; (or both), with or without O,--whereby

35 the exposed surface area 511 is etched down to exposed surface area 611 located at a
depth beneath the original top surface of the slab 10 that is advantageously
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I n*fabricating such circuits, it is desirable, for exanple. to have as many
transi stors per wafer as possible. Hence, it is desirable to have as snal
a transistor or other feature size as possible, such as the feature size
of a netallization stripe--i.e., its width W-or of an aperture in an
insulating layer which is to be filled wth6metal,in order to form
el ectrical connections, for exanple, between one level of netallizition

and other. Thus equfvaled¥ &P pRaseishift &f £/2 WRR résBectlt thY witvelédpeh AC AiiRsRemdi ng
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ef fects be_c ong siabpre subjected (meﬂqretcﬁihﬁ ue?m&?t,(xhcﬁ %wiitﬁmg&nx@_g&x:)plairgg, which
e e Pl o e B o BB (1 B °
deteriorates.  performed for a time interval that is sufficient to reduce the thickness of the resist
region 612 advantageously essentially to zero, whereby a surface area 712 of the slab
10 becomes exposed. The required duration of the this time interval, of course, will

10 depend on the electrical and chemical parameters of the oxygen plasma. At the same
time, the thicknesses of the resist regions 601 and 610 are reduced, whereby
remaining resistlregions 701 and 710, respectively, are formed--the thickness of the
remaining region 701 being larger than that of the remaining region 710. Also, the
exposed surface area 611 of the slab 10 becomes essentially the same exposed

15 area 711--that is, with no significant change in depth beneath the original top surface
of the slab 10; and the exposed surface area 712 is located flush with the original top
surface of the siab 10.

Next (FIG. 8) the remaining resist regions and the exposed surface
areas 712 and 711 are subjected to a dry etching, again typically with a fluorine-

20 containing plasma--whereby the surface areas 712 and 711 are etched down to
exposed surface areas 812 and 811, respectively, located at depths beneath the
original top surface of the slab 10 that are advantageously equivalent to phase shifts
of /2 and &, respectively. At the same time, the resist regions 701 and 710 become
essentially the same resist regions 801 and 801, respectively--that is, with no

25 changes in their respective thicknesses.

Next (FIG. 9) the remaining resist regions 801 and 810 and the exposed
surface areas 812 and 811 of the slab 10 are subjected to a dry etching treatment,
such as with an oxygen plasma. This etching is performed for a time interval that is
sufficient to reduce to essentially zero the thickness of the resist region 810, to form

30 anexposed area 910: that is, the surface area 910 of the slab becomes exposed and
does not absorb any significant amount of light when the now-formed mask (FIG. 9)
is used as the reticle in the system 100 (FIG. 1). At the same time, the exposed
surface areas 812 and 811 become essentially the same respective exposed surface
areas 912 and 911, with no significant changes in their respective depths beneath the

35 original top surface of the slab 10. Finally, the resist region 910 is carbonized, as by
heating to a temperature of typically approximately 200°C for typically
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In<ordet to inprove the resolution, in the prior art phase-shifting

| i t hogr aphi ¢ masks have been taught A phase-shifting mask is used as the
mask (or reticle) 103 in the system 100. Moreover, a phase-shifting nask
conprises various regions that inpart various phase shifts to the optical
radi ation that originates fromthe source 108 -and propagates through the
mask 103 in the system 103. Mre specifically, these phase-shifting masks

have opaque and ' ' ' have
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opaque region 2FIGt yRitheldwmrdiud sinfipas SiRkldYe andenasdfoftthehhbbve description
of the situation depicted in FIGS. 5-8. Furthermore, in case the situation depicted in
FIG. 11 itself is desired, i.e., without any exposed area such as the exposed area 912
10 having an intermediate equivalent phase-shift, then one of the intermediate dose -
levels can be omitted, and hence only three regions of mutually different dose levels
would be needed, in conjunction with one fewer resist reduction steps and one fewer
body etching steps.
Although the invention has been described in detail with respect to a
15 specific embodiment, various modifications can be made without departing from the
scope of the invention. For example, instead of negative tone, a positive tone resist
can be used in conjunction with dose levels in regions 401, 410, 412, and 411,
respectively, that are monotonicaily increasing. Also, simuitaneous dry etching of
resist and quartz with oxygen and fluorine-containing plasmas can be used and thus
20 should be regarded as equivalent to the successive etchings of resist and quartz
described above, Fﬁrﬂxer, instead of carbonizing the remaining resist region 901,
any remaining resist can be removed, while reliance for an opaque region thereat can
be placed upon a diffraction grating (having zero intensity in its zero’th order)
located thereat, in conjunction with one less required dose level of actinic
25 radiation--that is, using three instead of four resist regions of mutually different dose
levels (including zero), the required thickness of the resist region 901 being equal to
essentially zero, and hence the required thicknesses of the resist regions 801 and 810
being equal. Alternatively, the topology depicted in FIG. 3 can be achieved by using
four resist regions of mutually different dose levels of actinic radiation, in
30 conjunction with the aforementioned diffraction grating, and with four suitable
etching depths into the slab 10, namely, depths equivalent to 0, /3, 2%/3, and
radian.
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region' Alternatively, this opaque region 201 can be suppli Hmuj/m'“lu‘l“lmlluw
diffraction grating region that is constructed so as to diff ?
fromthe zero'th order of the resulting diffraction pattern, and thus tRe
diffraction grating region is equivalent to an opaque regi on when the mask
200 is used as the reticle 103 in the syste®-100. Such a diffraction
grating region, however, requires a higher resolution than does the

remai nder (trangpgaght regions) of the mask, whereby undesirably | ong

fabrication times, as well as undesirably stringent geonmetrjc tol erances,
are required. 1. A method of making a’phase-shifting mask comprising the steps of

a) introducing first, second, and third mutually different dose levels (D0,
D2, D3) of actinic radiation into respective first, second, and third regions (411, 410,
5 401) of an original resist layer, having a uniform composition and a uniform
thickness, located on a planar surface of a body that is transparent with respect to
optical radiation of a prescribed wavelength, whereby the first, second, and third
regions have mutually different rates of thickness reduction during step (b);
b) subjecting the original resist layer to a first treatment that reduces the
10 thicknesses of the first, second, and third regions of the resist layer to mutually
different amounts, and in particular that reduces the thickness of the first region to an
amount that is l¢ss than those of the second and third regions;
c) subjecting the remaining resist layer and a first region of the body that
underlies the first region of the original resist layer to a second treatment that etches
15 the first region of the body down to a predetermined depth beneath its planar surface,
and
d) subjecting the remaining resist layer to a third treatment that reduces
the thickness of the remaining second region of the remaining resist layer to an
amount that is less than that of the remaining third region of the remaining resist
20 layer.

2. The method of claim 1 in which the remaining first region of the
remaining resist layer has an essentially zero thickness immediately after the first
treatment and in which the remaining second region of the remaining resist has an
essentially zero thickness immediately after the third treatment.

25 3. The steps recited in claim 1 followed by the step of carbonizing the
remaining third region of the remaining resist layer,

4. The steps recited in claim 1 followed by the step of subjecting the
remaining third region of the remaining resist layer and a second region of the body
that underlies the second region of the resist layer to a fourth treatment that etches

30 the first and second regions of the body to different predetermined first and second
depths, reSpectively, beneath its planar surface, followed by the step of removing the
remaining third region of the remaining resist layer.
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The opdque regi on 201 separates portions of optically tran
210 and 211, which respectively inpart phase shifts [err]

typically approximately equal to O and [err] radian, respectively. o t e
ot'her hand, a transparent transition region 212, which is also |ocated
bet ween regions 210 and 211, separates otherZportions of these regions 210
and 211 fromeach other. This transition region. 212 inparts a phase shift
that is internediate [esfhmaﬁioﬂefniaklﬂgy@pmusmfammm mmmng ehig §té 3 of
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second, third, and fourth regions have mutually different rates of thickness reduction
during step (b) herein;

b) subjecting the resist Iayer to a first treatment that reduces the
thicknesses of the first, second, third, and fourth regions of the original resist layer to
mutually different amounts, and in particular that reduces the thickness of the first
region to an amount that is less than those of the second, third, and fourth regions;

c) subjecting the remaining resist layer and a first region of the body,
underlying the first region of the original resist layer, to a second treatment that
etches the first region of the body down to a predetermined depth beneath its planar
surface;

d) subjecting the remaining resist layer to a third treatment that reduces
the thicknesses of the remaining second, third, and fourth regions of the remaining
resist layer to mutually different amounts, and in particular that reduces the thickness
of the remaining second region of the remaining resist layer to an amount that is less
than those of the refhaining third and fourth regions of the remaining resist layer;

e) subjecting a second region of the body underlying the second region
of the original resist layer, and the first region of the body, and the remaining resist
layer to a fourth treatment that etches the first and second regions, respectively, of
the body down to prescribed unequal respective depths beneath the major planar
surface, no actinic radjation being introduced into the remaining resist layer
subsequent to step (b).

6. The method of claim 5 further comprising, subsequent to step (e)
therein, the step of subjecting the remaining resist layer to a fifth treatment that
reduces the thickness of the remaining third region of the remaining resist layer to an
amount that is less than that of the remaining fourth region of the remaining resist
layer.

7. The method of claim 6 further comprising, subsequent to the fifth
treatment, the step of subjecting the remaining resist layer, the first and second
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photor'esi st layer 102 in such a manner that this inmge JIH‘HEMJIMUHEt" w
running parallel to the Y-direction and term nating al on

to the X-direction. Thus, after the devel opnent’ process the photoresi st
I'ayer will be patterned; nore specifically, it will have a feature bounded
by a pair of parallel edges running parallel to the Y-direction and
termnating at say Y =Y 1, (not shown) where Y = Y[err] is the inage of Y

= Y[err]. Final }egxontsfw thd BesyPaid @m@egl’@ﬁto@m dnamymgeme Berdueeibnto? the
transfer its patter tq the underl ‘léhﬂl ece tg X({TE HS .of ion
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aut hored by H. Nﬁh&ba@ﬁd@wn@d mu€atly tdiﬁékenﬂﬁzﬁﬂsmn&fﬁndﬂh&ﬁeieF d;ﬁ&tiﬁm gk
W th nulhstagt;%o hshl'fter1 and conb- shaped shifter,"” publishe 8t h
March 1991 by emajorp:gllar 18%%01- 110, nultiple phase shifts in a
phase-shifting masks were obtai ned by u5| ng the nultiple phase shifts

produced in resi st th a S sist |ayer
was | ocated on a trans%r tm%&p@pg Bdﬁw(?’ﬁpe&lﬁ@ﬁ% %p’g Mﬁﬁf\g‘? "\k)%
produced by devesmrotieely, efluce the shisknessesaf the sespecai¢ firsofseoond, andnthiid rblgmss
prioor to such dgugl RRRhe fON 1A b htially to zero.

9. The method of claim 6 further comprising the step of carbonizing the
remaining fourth region of the remaining resist layer.

10 10, 'i'he method of claim 6 further comprising the steps of
subjecting the remaining third region, if any, and the remaining fourth
region of the remaining resist layer, the first and second regions of the body, and a
third region of the body underlying the third region of the original resist layer to a
sixth treatment that etches the first, second, and third regions of the body down to
15 mutually different first, second, and third depths, respectively, beneath the major
planar surface, and
removing the remaining fourth region of the remaining resist layer.

This Sheet Has Been Replaced
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regi ods that had been inplanted with four nutually different dose |evels
(i.e., charge per unit area, one of themequal to zero) of electrons.

Al t hough only a single alignnent was involved for all the different dose
I'evels (i.e., mutually self-aligned thicknesses), a disadvantage of this
method is that the resist layer is an essentjial phase-shifting el ement that
remains in the phase-shifting nmask. Such a resist |ayer cannot be repaired
easily in case jt has defects, is not stable with the passage of tine

(during subseqitfkFrALIGNEMETHOD OF MAKINGRHASE-SHI G EHFHOGRAPHIC

i ntroduces undesirabl e MASKSHAVINCIHIPRE ORMORE PIPASELSIFFScont i nui ty

of refractive index at
Anbstract

A phase-shifting lithographic mask having two or more self-aligned
5 phase-shifting regions is fabricated by a sequence of etchings of the phase-shifting
mask 'using a protective resist layer having three or more regions (411, 412, 410,
401) that have been subjected to mutually different doses (including possibly zero)
of actinic radiation--such as electron beam, ion beam, or photon beam radiation. A
self-aligned opaque region (901) can be supplied by in-situ carbonization of
10 remaining resist material.
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- 5°- the interface of the resist |ayer and the underlying transparent

sl ab: Therefore, it would be desirable to have a nethod of
form ng a phase- shifting mask having thred/ﬁ'rmwe phase-shifting regions
which inpart three or nore nutually differing respective phase shifts to
the optical radiation of wavelength [err] propagating through mask, but

whi ch does not require a scparatc alignnent step between cach etching
(i.e., a single-alignment nmethod that thus produces nutually self- aligned
mul ti pl e phase-shifting regions) and which does not rely on nultiple phase
shifting by resist material.

FIG. 1
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In addition it would be further desirable to have a single-alignnment nmethod
of formng just two phase-shifting regions-such as regions 210 and 211-t hat
inpart two different phase shifts and th3/5are separated by an opaque
region, as exenplified by the cut 11-11 shown in FIG 2. And it would be

yet further desirable to qagi a 3glf-aligned met hod of form ng an opaque
regi on that does not requitrea diffraction grating. Sunmary of the

| nvent i on Accor di ng t pdbde aspegigof thegijnvention, we
provi de a nethod of nmaking a phase=3shrft is+hg the stleps of
a) introducing first, second andjthiad nhtuall different fdose | evel s

(DO, D2, D3) of actinic radiation |nto redpect? figst, setond, and third
regi ons (411,410, 401) of an ori ginal rgstst +tayerthaving a unifgrm

conposition and a uniformtHhy, - GTL gn—a bl dnar fsurface of a body
that is transparent with respect{ to optij¢dli|ridd|iatjon of {a prescribed
wavel engt h, whereby: the first, secondjangiithjidrnepi pns ve mutual ly
different rates of thickness reductiop durlipg|stiep] (b);
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b) subjecting the original resist layer to a first treatnent that reduces
the thicknesses of the first, second, an% hird regions of the resist |ayer

ta nutually different anﬁﬁzig, apd in parti‘cul ar that reduces the thickness
of the first region to a unt¢that is |l ess than those of the second and
third regions; DB : - 6 -

C) subjecting the remaining sist | @ger angia fir regio f the body
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underlies the first region of the original resist layer to a second
treatnent that etches-the first region OM/Ehe body down to a predeterm ned
depth beneath its planar surface, and d) subjecting the
remai ni ng resist layer t third treatnment that reduces the thickness of

t he remai ni ng second regﬁBﬁGQf tfe remaining resist layer to an amount that
Is less than that of the remaining third region of the renmaining resist

| ayer. Accordi ng to anot her aspect. of the invention, we
provi de a met hod of making uoﬂhase-shifting mask conprising the steps of:
a) introducing first, sessfhd, Hihird, d fourth nutually ¢i?flerent dose

| evel s (DO, D1, D2, D3) oA G 200

o I ag
fourth regions (411,41 2222;4%;
| ayer, having a unifor"'aigﬁ%ﬁf
pl anar top surface of Zputy
prescri bed wavel engt h, m4$¢ ,
have nmutual |y differen}’}‘ oG
her ei n;
t hat reduces the
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t hi cknesses of the first, second, third, and fourth regions of the ofigrsa
resi-St layer to nutually different annunt@/sand in particular that reduces
the thickness of the first region to an anount that is |less than those of
the second, third, ‘and fourth regions; c) subjecting the
remai ning resist layer and a first region of the body, underlying the first
region of the original resist layer, to a second treatnent that etches the
first region of the body down to a predetern ned depth beneath its planar -
surface; d) subjecting the remaining resist layer to a
third treatment that reduces the thicknesses of the remaining second,
third, and fourth regi onﬁIg thilqemai ning resist layer to nutually

di fferent anounts, and i arti ar that reduces the thickness of the
remai ni ng second region of the remaining resist layer to an anount that is
less than those of the remainygpg third and fogéth regi ons of the remaining
resist |ayer; ' ubj ecting 3 ond region ¢##lihe body
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actinic radiation being introduced into the remnaining resist

1 is a diagramof a typical photolithography
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SELF-ALIGNED METHOD OF MAKING PHASE-SHIFTING LITHOGRAPHIC
MASKS HAVING THREE OR MORE PHASE-SHIFTS

Background of the Invention

This invention relates to optical lithography, such as that used for
fabricating semiconductor integrated circuit and other devices. More particularly the
invention relates to methods of making phase-shifting masks, for use in optical
systems for lithographically fabricating such devices. These masks are also called
“reticles” particularly when used in optical systems having magnifications different

to step (b).

-1-

from unity.
FIG. 1 shows a typical optical lithographic fabrication system 100 for

delineating features in a workpiece 120. Typically the workpiece comprises a
semiconductor wafer (substrate), together with one or more layers of material(s) (not
shown) located on a top major surface of the wafer. More specially, monochromatic
optical radiation of wavelength A emitted by an optical source 106, such as a
mercury lamp, propagates through an aperture in an opaque screen 105, an optical
collimating lens 104, a lithographic mask of reticle 103, and an optical focusing
lens 102. The optical radiation emanating from the reticle 103 is focused by the
lens 102 onto a photoresist layer 101 located on the top major surface of the
workpiece 120. Thus, the pattern of the reticle 103--that is, its pattern of transparent
and opaque portions--is focused on the photoresist layer 101. Depending upon
whether this photoresist is positive or negative, when it is subjected to a
development process, typically a wet developer, the material of the photoresist is
removed or remains at and only at areas where the optical radiation was incident.
Thus, the pattern of the mask is transferred to ("printed on") the photoresist layer
101. Subsequent etching processes, such as wet etching or dry plasma etching,
remove selected portions of the workpiece 120. Portions of the workpiece 120 thus
are removed 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 underlymg those regions where the photoresist remains. Alternatively, instead
of etchmg the workpiece, impurity ions can be implanted into the workpiece 120 at
areas underlying those where the photoresist layer was removed by the development
process but not at areas underlying where the photoresist remains. Thus, the pattern
of the mask 103--i.e., each feature of the mask—-is transferred to the workpiece 120
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second speci fifPeehbols Nidh Wr-of BE an aperigredm an insulating layer which is to be filled
with metal, in order to form electrical connections, for example, between one level

of metallization and other. Thus, for example, if it is desired to print the
corresponding isolated feature having a width equal to W on the photoresist
layer 101, a feature having a width equal to C must be located on the mask
(reticle) 103. According to geometric optics, if this feature of width equaltoCisa
simple aperture in an opaque layer, then the ratio W/C = m, where m = L2/L1, and
where m is known as the lateral magnification. When diffraction effects become
important, however, the edges of the image become indistinct; hence the resolution
of the features of the reticle 103, as focused on the photoresist layer and transferred
to the workpiece, deteriorates.
In order to improve the resolution, in the prior art phase-shifting
lithographic masks have been taught. A phase-shifting mask is used as the mask (or
reticle) 103 in the system 100. Moreover, a phase-shifting mask comprises various
regions that impart various phase shifts to the optical radiation that originates from
the source 106 and propagates through the mask 103 in the system 103. More
specifically, these phase-shifting masks have opaque and transparent regions. The
transparent regions iypically have at least two different thicknesses suitable for
imparting at least two different phase shifts, typically 0 and = radians, to the optical
radiation (of wavelength A) propagating through the mask when it is being used as

For example, as shown in FIG. 2, a phase-shifting mask 200, typically a
slab of (optically transparent) quartz, comprises an optically opaque region 201
located at a top surface of the mask. This opaque region 201 is bounded by a pair of
edges running parallel to the Y-direction and terminating atsay Y =Y.

The opaque region 201 typically can be supplied by an opaque metallic
region. Alternatively, this opaque region 201 can be supplied by a diffraction
grating region that is constructed so as to diffract light away from the zero’th order
of the resulting diffraction pattern, and thus the diffraction grating region is
equivalent to an opaque region when the mask 200 is used as the reticle 103 in the

system 100. Such a diffraction grating region, however, requires a higher resolution
«han does the remainder (transparent regions) of the mask, whereby undesirably long
fabrication times, as well as undesirably stringent geometric tolerances, are required.
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The opaque region 201 separates portions of optically transparent
regions 210 and 211, which respectively impart phasc shifts ¢ and ¢, typically
approximately equal to 0 and = radian, respectively. On the other hand, a transparent
transition region 212, which is also located between regions 210 and 211, separates
other portions of these regions 210 and 211 from each other. This transition
region 212 imparts a phase shift that is intermediate ¢4 and ¢, typically
approximately n/2 radian, that of itself does not produce a separate (third) region in
the image on the photoresist layer 101 but produces only a transition region in the
mask 200. The transition region 212 can also be subdivided, as indicated in phase-
shift mask 300 (FIG. 3), into transparent subregions 221 and 222 that impart phase
shifts equal to approximately n/3 and 2=/3 radian, respectively.

When using the mask 200 or 300 as the reticle 103 in the system 100,
the optical radiation from the source 106 will be focused as an image on the
photoresist layer 102 in such a manner that this image will have a feature running
parallel to the Y-direction and terminating along an edge parallel to the X-direction.
Thus, after the development process the photoresist layer will be patterned; more
specifically, it will have a feature bounded by a pair of parallel edges running
parallel to the Y-direction and terminating at say Y =Y, (not shown) where Y=Y,
is the image of Y = Y. Finally, the thus patterned photoresist layer can be used to
transfer its pattern to the underlying workpiece 120, as by means of ion implantation,
or by means of dry or wet etching.

In a paper authored by H. Watanabe et al. entitled "Transparent phase
shifting mask with multistage phase shifter and comb-shaped shifter," published by
SPIE ia the above-mentioned Proceedings at pp. 101-110, multiple phase shifts in a
phase-shifting masks were obtained by using the muitiple phase shifts produced in a
resist layer that had multiple thicknesses. The resist layer was located on a
transparent parallel slab. The multiple thicknesses were produced by development of
a resist layer, initially of uniform thickness prior to such development, having four
regions that had been implanted with four mutually different dose levels (i.e., charge
per unit area, one of them equal to zero) of electrons. Although only a single
alignment was involved for all the different dose levels (i.e., mutually self-aligned
thicknesses), a disadvantage of this method is that the resist layer is an essential
phase-shifting element that remains in the phase-shifting mask. Such a resist layer
cannot be repaired easily in case it has defects, is not stable with the passage of time
(during subsequent use as the reticle 103 in the system 100), and introduces
undesirable optical reflections owing a resulting discontinuity of refractive index at



pl anar surface of a body that is transparent with respect Tl L] een Replaced
radi ati on of a prescribed wavel ength, whereby the fi tj{lﬁl‘ rd
third regi ons have mutual ly different rates of thick

during step (b); b) subj ecting the original resist layer to a first
treatnment that reduces the thickness -4- of the first, second, and third
regions of the resist layer to nutually different anounts, and in
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resist | ayerali%ﬁm%n{ ﬁéﬁ getUeSﬁteH&pétcﬁiggt(i.é.?ﬁj Eﬁ(ﬁgl%-glpg%mem method that thus
produces mutually self-aligned multiple phase-shifting regions) and which does not
rely on multiple phase shifting by resist material.
In addition it would be further desirable to-have a single-alignment
method of forming just two phase-shifting regions--such as regions 210
and 211--that impart two different phase shifts and that are separated by an opaque
region, as exemplified by the cut 11-11 shown in FIG. 2. And it would be yet further
desirable to have a self-aligned method of forming an opaque region that does not
require a diffraction grating.
Summary of the Invention
In accordance with the invention, we provide a method in accordance
with claim 1. It is also advantageous that in addition the method is in accordance

with claim 2, 3, or 4.

Alternatively, the method is in accordance with claim 5. It is also
advantageous that in addition the method is in accordance either with claim 6, 7, or 8
or with claim 9 or 10.

Brief Description of the Drawings

FIG. 1 is a diagram of a typical photolithography system using a phase-
shifting mask that has been made in accordance with the prior art or with the
invention;

FIG. 2 is top view diagram of a portion of a phase-shifting mask to be
fabricated in accordance with a first specific embodiment of the invention;

FIG. 3 is a top view diagram of a portion of another phase-shifting mask
to be fabricated in accordance with a second Speciﬁé embodiment of the invention;

FIGS. 4-8 are elevational side views of a cross section of various
successive stages in the fabrication of a phase-shifting mask in accordance with the

first specific embodiment of the invention; and
FIGS. 9-10 are elevational side views of another cross section of various
successive stages in the fabrication of a phase-shifting mask in accordance with the
second specific embodiment of the invention. YT S Y
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r emai ni ng Detale ion of the remaining resist |ayer.

Referring now 1o FIG. 4, a slab 10 is made of a material, such as quartz,
that is transparent to the optical wavelength A emitted by the source 106 (FIG. 1),
This slab 10 has a top planar major surface on which is Jocated a spun-on resist
layer: This resist layer advantageously has a uniform thickness.

Various regions 401, 410, 412, and 411 of the resist layer have been
subjected to mutually different dose levels D3, D2, D1, and DO, respectively, of
actinic radiation. These regions 401, 410, 412, and 411 advantageously have the
same topology (top view) as the regions 201, 210, 211, and 212 (FIG 2),
respectively, taken along the section labeled 9-9 (FIG. 2).

Typically the resist layer is negative tone, such as a resist composed of a
polymer, crosslinker, and an acid generator--for example,'SAL6OI sold by Shipley.
The actinic radiation typically is an electron beam of 10 keV energy. The dose
levels D3, D2, D1 and DO in the regions 401, 410, 412, and 411 are monotonically
decreasing (D3> D2> D1> D0) and are respectively dependent on the respective
processing and development conditions, for example, the respective parameters of
post-exposure baking and development. Typically the dose level DO is essentially
zero.

The resist layer is (FIG. 5) subjected to the wet development treatment,
typically a wet devélopment process--such as with a solution of ammonium
hydroxide in water, typically in the approximate range of 0.2 to 0.3 normality--for a
time interval that is sufficient to reduce the thickness of the region 411
advantageously essentially to zero, whereby a surface area 511 of the slab 10
becomes exposed. The duration of this time interval in general, of course, will
depend on the nature and concentration of active components in the developing
process. At the same time the thicknesses of resist regions 401, 410, and 412 are
reduced, whereby remaining resist regions 501, 510, and 512, respectively, are
formed--the thickness of resist region 401 being reduced very little, provided that the
dose level D3 was sufficiently high, and the thicknesses of the remaining resist
regions 501, 510, and 512 being monotonically decreasing.

Next (FIG. 6), the remaining resist regions and the exposed surface area
511 of the slab 10 are subjected to a dry etching, typically with a fluorine-containing
plasma such as provided by CF, or CHF; (or both), with or without O,--whereby
the exposed surface area 511 is etched down to exposed surface area 611 located ata
depth beneath the original top surface of the slab 10 that is advantageously
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equivalent to a phase shift of /2 with respect to the wavelength A. At the same
time, the resist regions 501, 510, and 512 respectively become resist regions 601,
610, and 612 with no significant changes in their respective thicknesses.

Next (FIG. 7), the remaining resist layer and the exposed areas of the
slab are subjected to a dry etching treatment, such as with an oxygen plasma, which
etches material of the resist but not significantly of the slab 10. This etching is
performed for a time interval that is sufficient to reduce the thickness of the resist
region 612 advantageously essentially to zero, whereby a surface area 712 of the slab
10 becomes exposed. The required duration of the this time interval, of course, will
depend on the electrical and chemical parameters of the oxygen plasma. At the same
time, the thicknesses of the resist regions 601 and 610 are reduced, whereby
remaining resist regions 701 and 710, respectively, are formed--the thickness of the
remaining region 701 being larger than that of the remaining region 710. Also, the
exposed surface area 611 of the slab 10 becomes essentially the same exposed
area 711--that is, with no significant change in depth beneath the original top surface
of the slab 10; and the exposed surface area 712 is located flush with the original top
surface of the slab 10.

Next (FIG. 8) the remaining resist regions and the exposed surface
areas 712 and 711 are subjected to a dry etching, again typically with a fluorine-
containing plasma--whereby the surface areas 712 and 711 are etched down 1o
exposed surface areas 812 and 811, respectively, located at depths beneath the
original top surface of the slab 10 that are advantageously equivalent to phase shifts
of /2 and &, respectively. At the same time, the resist regions 701 and 710 become
essentially the same resist regions 801 and 801, respectively--that is, with no
changes in their respective thicknesses.

Next (FIG. 9) the remaining resist regions 801 and 810 and the exposed
surface areas 812 and 811 of the slab 10 are subjected to a dry etching treatment,
such as with an oxygen plasma. This etching is performed for a time interval that is
sufficient to reduce to essentially zero the thickness of the resist region 810, to form
an exposed area 910: that is, the surface area 910 of the slab becomes exposed and
does not absorb any significant amount of light when the now-formed mask (FIG. 9)
is used as the reticle in the system 100 (FIG. 1). At the same time, the exposed
surface areas 812 and 811 become essentially the same respective exposed surface
areas 912 and 911, with no significant changes in their respective depths beneath the
original top surface of the slab 10. Finally, the resist region 910 is carbonized, as by
heating 10 a temperature of typically approximately 200°C for typically
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(FIG 2). In gomg from the s1tuanon deplcted in FIG 10 to that depicted in

FIG. 11, the intermediate situations should be understood from the above description
of the situation depicted in FIGS. 5-8. Furthermore, in case the situation depicted in
FIG. 11 itself is desired, i.e., without any exposed area such as the exposed area 912
having an intermediate equivalent phase-shift, then one of the intermediate dose
levels can be omitted, and hence only three regions of mutually different dose levels

would be needed, in conjunction with one fewer resist reduction steps and one fewer

body etching steps.

Although the invention has been described in detail with respect to a
specific embodiment, various modifications can be made without departing from the
scope of the invention. For example, instead of negative tone, a positive tone resist
can be used in conjunction with dose levels in regions 401, 410, 412, and 411,
respectively, that are monotonically increasing. Also, simultaneous dry etching of
resist and quartz with oxygen and fluorine-containing plasmas can be used and thus
should be regarded as equivalent to the successive etchings of resist and quartz
described above. Further instead of carbonizing the remaining resist region 901,
any remaining resist can be removed, while reliance for an opaque region thereat can
be placed upon a diffraction grating (having zero intensity in its zero’th order)
located thereat, in conjunction with one less required dose level of actinic
radiation--that is, using three instead of four resist regions of mutually different dose
levels (including zero), the required thickness of the resist region 901 being equal to
essentially zero, and hence the required thicknesses of the resist regions 801 and 810
being equal. Alternatively, the topology depicted in FIG. 3 can be achieved by using
four resist regions of mutually different dose levels of actinic radiation, in
conjunction with the aforementioned diffraction grating, and with four suitable
etching depths into the slab 10, namely, depths equivalent to 0, #/3, 2x/3, and #
radian.
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wor kpi ece the feature in t . '
1in which the third region with the first and sécofid *

regi ons, in which the first or thlrd dose level is equal to

essentially zero, and in which thee8trst, second, and third dose

| evel s respectively are nonotonically I ncreasing or nonotonically

decr easi ng. "ﬁ fA phot ol i t hographi ¢ nethod conprising the steps of: a)
shi

formng a phase ting‘ mask |n accordance with claim8§;
method of making a phase-shifting mask comprising the steps of

a) introducing first, second, and third mutually different dose levels (DO,
D2, D3) of actinic radiation into respective first, second, and third regions (411, 410,
401) of an original resist layer, having a uniform composition and a uniform
thickness, located on a planar surface of a body that is transparent with respect to
opticali radiation of a prescribed wavelength, whereby the first, second, and third
regions have mutually different rates of thickness reduction during step (b);

b) subjecting the original resist layer to a first treatment that reduces the
thicknesses of the first, second, and third regions of the resist layer to mutually
different amounts, and in particular that reduces the thickness of the first region to an
amount that is less than those of the second and third regions;

¢) subjecting the remaining resist layer and a first region of the body that
underlies the first region of the original resist layer to a second treatment that etches
the first region of the body down to a predetermined depth beneath its planar surface,
and

d) subjecting the remaining resist layer to a third treatment that reduces
the thickness of the remaining second region of the remaining resist layer to an
amount that is less than that of the remaining third region of the remaining resist
layer.

2. The method of claim I in which the remaining first region of the
remaining resist layer has an essentially zero thickness immediately after the first
treatment and in which the remaining second region of the remaining resist has an
essentially zero thickness immediately after the third treatment.

3. The steps recited in claim 1 followed by the step of carbonizing the
remaining third region of the remaining resist layer.

4. The steps recited in claim 1 followed by the step of subjecting the
remaining third region of the remaining resist layer and a second region of the body
that underlies the second region of the resist layer to a fourth treatment that etches
the first and second regions of the body to different predetermined first and second
depths, respectively, beneath its planar surface, followed by the step of removing the
remaining third region of the remaining resist layer. REP &5—&% NT SHEET
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wavel ength onto the
phase-shifting mask ontd a

radi ati on propagating thr
photoresist |ayer |located on a workpiece,, mhereby an optical inmge

of the mask is fornmed on the photoresist” ayer c) devel opi ng the
whereby a feature is forned therein in accor dance

phot or esi st | ayer,
with the image of thé. nasiethesnal making a phase-shifting mask comprising the steps of

a) introducing first, second, third, and fourth mutually different dose
levels (DO, D1, D2, D3) of actinic radiation into first, second, third, and fourth
regions (411, 412, 410, 401} , respectively, of an original resist layer, having a
uniform composition and a uniform thickness, located on a planar top surface of a
body that is transparent with respect to a prescribed wavelength, whereby the first,
second, third, and fourth regions have mutually different rates of thickness reduction
during step (b) herein;

b) subjecting the resist layer to a first treatment that reduces the
thicknesses of the first, second, third, and fourth regions of the original resist layer to
mutually different amounts, and in particular that reduces the thickness of the first
region to an amount that is less than those of the second, third, and fourth regions;

¢) subjecting the remaining resist layer and a first region of the body,
underlying the first region of the original resist layer, to a second treatment that
etches the first region of the body down to a predetermined depth beneath its planar

surface;

d) subjecting the remaining resist layer to a third treatment that reduces
the thicknesses of the remaining second, third, and fourth regions of the remaining
resist layer to mutually different amounts, and in particular that reduces the thickness
of the remaining second region of the remaining resist layer to an amount that is less
than those of the reﬁlaining third and fourth regions of the remaining resist layer;

e) subjecting a second region of the body underlying the second region
of the original resist layer, and the first region of the body, and the remaining resist
layer to a fourth treatment that etches the first and second regions, respectively, of
the body down to prescribed unequal respective depths beneath the major planar
surface, no actinic radiation being introduced into the remaining resist layer

subsequent to step (b).

6. The method of claim 5 further comprising, subsequent to step (e)
therein, the step of subjecting the remaining resist layer to a fifth treatment that
reduces the thickness of the remaining third region of the remaining resist layer to an
amount that is less than that of the remaining fourth region of the remaining resist

layer.

ENT SHEET

7. The method of claim 6 further comprising, subsequent to the fifth
treatment, the step of subjecting the remaining resist layer, the first and second
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i htroducing first, secon ourth mutual ly different osé levels”

of actinic radiation into first, second, third and fourth regions,
respectively, of an ori gi nal resi st- lIlpayer, having a uniform
conposition and a uni formthickness, | ocated on a planar top surface

f body t hat t i hed .
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resi st |ayer tbeneathudinyajor planar suifeéeer ent anounts, and in particul ar that

reduces the thickness of the first region to an anmount that is |ess

than those of the second third, and fourth regions; c¢) subj ecting the
remai ning resist | ayer8.ahee metiodf claigi Din which the fixstiyhirdirasdrfifilh weatments,

respectively, reduce the thicknesses of the respective first, second, and third regions
of the remaining resist layer essentially to zero.

9. The method of claim 6 further comprising the step of carbonizing the
remaining fourth region of the remaining resist layer.

10. The method of claim 6 further comprising the steps of

subjecting the remaining third region, if any, and the remaining fourth
region of the remaining resist layer, the first and second regions of the body, and a
third region of the body underlying the third region of the original resist layer to a
sixth treatment that etches the first, second, and third regions of the body down to
mutually different first, second, and third depths, respectively, beneath the major
planar surface, and

removing the remaining fourth region of the remaining resist layer.
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the first region of the original resist |layer, to a second tTMhmHhsBehakeiiaoed

etches the first region of the body down to a predeter
beneath its planar surface; d) subj ecting the remai
| ayer to a third treatnment that reduces the t hi ckness o

remai ni ng second, third, and fourth regions of the renaining resi st
| ayer to nutually different anmounts, and in particular that reduces the
t hi ckness of the renmining second region of the remaining resist |ayer to

an amount that is |ess than those of the remaining third and fourth
regi ons of the remai ni n%&ayer subj ecting a second region of
the body un&&LKAllGNEDMEGNY @mmrmwmsmrmuwmemwm

and the first regi onMRSKiSEARING THREEGRMORE PI9ASENSFTS

Abstract

A phase-shifting lithographic mask having two or more self -aligned
phase-shifting regions is fabricated by a sequence of ctchings of the phase-shifting
mask using a protective resist layer having three or more regions (411, 412, 410,
401) that have been subjected to mutually different doses (including possibly zero)
of actinic radiation--such as electron beam, ion beam, or photon beam radiation. A
self-aligned opaque region (901) can be supplied by in-situ carbonization of
remaining resist material. Figure 4
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A method of making a phase-shifting mask comprising the steps of
introducing first, second, and third mutually different dose levels of actinic
radiation into respective first, second, and third regions of an original resist
layer, having a uniform composition and a uniform thickness, located on a
planar surface of a body that is transparent with respect to optical radiation of
a prescribed wavelength, whereby the first, second, and third regions have
mutually different rates of thickness reduction during step (b);

subjecting the original resist layer to a first treatment that reduces the thickness
of the first, second, and third regions of the resist layer to mutually different
amounts, and in particular that reduces the thickness of the first region to an
amount that is less than those of the second and third regions;

subjecting the remaining resist layer and a first region of the body that
underlies the first region of the original resist layer to a second treatment that
etches the first region of the body down to a predetermined depth beneath its

planar surface.

The method recited in claim 1 followed by the step of

subjecting the remaining resist layer to a third treatment that reduces the
thickness of the remaining second region of the remaining resist layer to an
amount that is less than that of the remaining third region of the remaining

resist layer.

The method of claim 2 in which the remaining first region of the remaining
resist layer has an essentially zero thickness immediately after the first
treatment and in which the remaining second region of the remaining resist has

an essentially zero thickness immediately after the third treatment.

The steps recited in claim 2 followed by the step of carbonizing the remaining

third region of the remaining resist layer.
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anount that is less than that of the remaining fourth re

remai ni ng resi st |ayer. 12. The method of claim 1L fur
conprising, subsequent to the fifth treatnent, the step of

subj ecting the remaining resist |ayer,-Qhe first and second regi ons

of the body, and a third region of the body underlying the third region of

t.hi ekness of ot he remaining third region of _the r emai ni ng BHIH I"[ugﬁml H“fi

t he original resist layer to a sixth treatnent that etches the
first, segond, padyktiolidf cl (16O b ARE PN IR fePel Tt Hitlal %
di fferent dept hs beneath tﬁgn?ra} 3r Pfgﬁam B3 of gﬁ"rif ace. fe el%. Ucﬁ.lahrhg

met hod of cl ai ressehflali;nzerhi ch the fi rst, third, and fifth treatnents,
respectively, reduce the thicknesses of the respective first, second, and
third

6. The method of claim 5 further comprising the steps of
subjecting the remaining third region, if any, and the remaining fourth region
of the remaining resist layer, the first and second regions of the body, and a
third region of the body underlying the third region of the original resist layer
to a sixth treatment that etches the first, second, and third regions of the body
down to mutually different first, second, and third depths, respectively, beneath
the major planar surface, and

removing the remaining fourth region of the remaining resist layer.

7. A photolithographic method comprising the steps of:

a) forming a phase-shifting mask in accordance with the steps recited in claim 1;

b) directing optical radiation comprising the prescribed wavelength onto the
phase-shifting mask, while focusing the radiation propagating through the
phase-shifting mask onto a photoresist layer located on a workpiece, whereby
an optical image of the mask is formed on the photoresist layer;

) developing the photoresist layer, whereby a feature is formed therein in
accordance with the image of the mask; and

d) transferring into the workpiece the feature in the photoresist layer.

8. The method of claim 1 in which the third region is contiguous with the first
and second regions,
in which the first or third dose level is equal to essentially zero, and
in which the first, second, and third dose levels respectively are monotonically

increasing or monotonically decreasing.

9. A photolithographic method comprising the steps of:

a) forming a phase-shifting mask in accordance with claim 8;
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third gions of the remwdning resist |ayer essentially to zero.

b) directing optical radiation comprising the prescribed wavelength onto the
pbase-shifting mask, while focusing the radiation propagating through the
phase-shifting mask onto a photoresist layer located on a workpiece, whereby
an optical image of the mask is formed on the photoresist layer;

c) developing the photoresist layer, whereby a feature is formed therein in
accordance with the image of the mask; and

d) transferring into the workpiece the feature in the photoresist layer.

10. A method of making a phase-shifting mask comprising the steps of

a) introducing first,_ second, third, and fourth mutually different dose levels of
| actinic radiation into first, second, third and fourth regions, respectively, of an
original resist layer, having a uniform composition and a uniform thickness,
located on a planar top surface of a body that is transparent with respect to a
prescribed wavelength, whereby the first, second, third, and fourth regions have
mutually different rates of thickness reduction during step (b) herein;

b) subjecting the resist layer to a first treatment that reduces the thickness of the
first, second, third, and fourth regions of the original resist layer to mutually
different amounts, and in particular that reduces the thickness of the first region
to an amount that is less than those of the second, third, and fourth regions;

c) subjecting the remaining resist layer and a first region of the body, underlying
the first region of the original resist layer, to a second treatment that etches the
first region of the body down to a predetermined depth beneath its planar
surface;

d) subjecting the remaining resist layer to a third treatment that reduces the
thickness of the remaining second, third, and fourth regions of the remaining
resist layer to mutually different amounts, and in particular that reduces the
thickness of the remaining second region of the remaining resist layer to an
amount that is less than those of the remaining third and fourth regions of the
rémaining layer;

€) subjecting a second region of the body underlying the second region of the

original resist layer, and the first region of the body, and the remaining resist
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-~ 12 - 16. A photolithographi c method conpri sing the I'H&"Imeulﬁwu“!'l
*form ng a phase-shifting mask in accordance with the step

10; b) directing optical radiation conprising the prescribed mavelength
onto the phase-shifting mask, while focusing the radiation

propagati ng through the phase-ﬁﬂi-fti ng mask onto a photoresist |ayer

| ocated on a wor kpi ece, whereby an optical image of the mask is
formed on the photoresist |ayer; c) devel opi ng the photoresist |ayer,

wher eby a featuzgee ) §f$mehtfne§:rﬁhmwbs the first aﬁ&%&foﬂ@'?@ﬁ?f{! és E&Fvemage of
t he mask; and transferring into the workpiece the feature 1nth
phot or esist | ®fdhe body down to prescribed unequal respective depths beneath the major

planar surface, no actinic radiation being introduced into the remaining resist

layer subsequent to step (b).

11.  The method of claim 10 further comprising, subsequent to step (¢) therein, the
step of subjecting the remaining resist layer to a fifth treatment that reduces the
thickness of the remaining third region of the remaining resist layer to an
amount that is less than that of the remaining fourth region of the remaining

resist layer.

12. The method of claim 11 further comprising, subsequent to the fifth treatment,
the step of subjecting the remaining resist layer, the first and second regions
of the body, and a third region of the body underlying the third region of the
original resist layer to a sixth treatment that etches the first, second, and third
regions of the body down to mutually different depths beneath the major planar

surface.

13. The method of claim 12 in which the first, third, and fifth treatments,
respectively, reduce the thicknesses of the respective first, second, and third

regions of the remaining resist layer essentially to zero.

14. The method of claim 11 further comprising the step of carbonizing the

remaining fourth region of the remaining resist layer.

15. The method of claim 14 in which the first, third, and fifth treatments,
respectively, reduce the thicknesses of the respective first, second, and third

regions of the remaining resist layer essentially to zero.
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217, The nmethod of claim 10 in which the first or fourtﬂ'm mllui!lfullﬁul
*equal to zero. 18. A phot ol i t hographi c method conpri
a) form ng a phase-shifting mask in accordance with claimi b

directing optical radiation conprising the prescribed wavel ength onto the

phase-shifting mask, while focusing th2 -radi ati on propagating through the
phase-shi fting mask onto a photoresist |ayer | ocated on a workpiece,

wher eby an optical inmage of the mask is formed on the photoresist
| ayer; c r ebyafeature is formed
therein |)1r61 Y’ﬁé)tgigichggﬁgﬁ%eﬁ\%ﬂ{oﬁ &Eﬂﬁs@ 051:1 the mask; and d)

transfermyng ifodnsing laqahwﬁﬁftﬁgenhdkanfaeaérdﬁmelmm e spdsmtredsxmsll iatcldimyH); .
b) directing optical radiation comprising the prescribed wavelength onto the
phase-shifting mask, while focusing the radiation propagating through the
phase-shifting mask onto a photoresist layer located on a workpiece, whereby
an optical image of the mask is formed on the photoresist layer;
<) developing the photoresist layer, whereby a feature is formed therein in
accordance with the image of the mask; and

d) transferring into the workpiece the feature in the photoresist layer.
17.  The method of claim 10 in which the first or fourth dose level is equal to zero.

18. A photolithographic method comprising the steps of

a) forming a phase-shifting mask in accordance with claim 17;

b) directing optical radiation comprising the prescribed wavelength onto the
phase-shifting mask, while focusing the radiation propagating through the
phase-shifting mask onto a photoresist layer located on a workpiece, whereby
an optical image of the mask is formed on the photoresist layer;

c) developing the photoresist layer, whereby a feature is formed therein in
accordance with the image of the mask; and

d) transferring into the workpiece the feature in the photoresist layer.

19.  The method of claim 10 in which
the first region of the original resist layer is contiguous with the second region
thereof, the second region thereof is contiguous with the third region thereof,
and the third region is contiguous with the fourth region thereof, and in which

the first or fourth dose level is equal to essentially zero.

20.  The method of claim 19 in which the first, second, third, and fourth dose levels

are monotonically decreasing or monotonically increasing, respectively.
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t he second region thereof is contiguous with the third regl on thereof
and the third region is contiguous with the fourth region thereof, and in

whi ch the first or fourth doselBevel is equal to essentially zero.
20. The nethod of claim19 in which the first, second, third, and fourth
dose | evels are nmonotoni cal 'y decreasing or nonotonically
i ncreasi ng, respR&bIitBLMphic method comprising the steps of

a) forming a phase-shifting mask in accordance with claim 19;

b) directing optical radiation comprising the prescribed wavelength onto the

phase-shifting mask, while focusing the radiation propagating through the
phase-shifting mask onto a photoresist layer located on a workpiece, whereby
an optical image of the mask is formed on the photoresist layer;

) developing the photoresist layer, whereby a feature is formed therein in
accordance with the image of the mask; and

d) transferring into the workpiece the feature in the photoresist layer.

22. A method of making a phase-shifting mask comprising the steps of:

a) introducing first, second, and third mutually different dose levels of actinic
radiation into respective first, second, and third regions of an original resist
layer, having a uniform composition and a uniform thickness, located on a
planar surface of a body that is transparent with respect to optical radiation of
a prescribed wavelength, whereby the first, second, and third regions have
mutually different rates of thickness reduction during step (b);

b) subjecting the original resist layer to a first treatment that reduces the
thicknesses of the first, second, and third regions of the resist layer to mutually
different amounts, and in particular that reduces the thickness of the first region
to an amount that is less than those of the second and third regions;

©) subjecting the remaining resist layer and first region of the body that underlies
the first region of the original resist layer to a second treatment that etches the
first region of the body down to predetermined depth beneath its planar
surface;

d) subjecting the remaining resist layer to a third treatment that reduces the
thickness of the remaining second region of the remaining resist layer to an
amount that is less than that of the remaining third region of the remaining

resist layer; and
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.- 13 - 21. A photolithographic method conprising mmml Hﬂmnmﬂum
"formng a phase-shifting mask in accordance with clai I ng
optical radiation conprising the prescribed wavel ength onto t
phase-shifting nmask, while focusing the radiation propagating through t he
phase-shifting mask onto a photoresistg4l-ayer | ocated on a workpi ece,

mhereby an optical image of the mask is forned on the photoresi st

| ayer; devel opi ng t he photore5|st | ayer, whereby a feature is forned
thereln | C nce. W e e of the mask; and
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region of the body that underlies the second region of the resist layer to a

fourth treatment that etches the first and second regions of the body to different
predetermined first and second depths, respectively, beneath its planar surface,
followed by the step of removing the remaining third region of the remaining

resist layer.
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22. A nmet hod of making a phase-shifting mask conprisingﬁmpgq' s of: a)
I ntroducing first, second, and third nmutually different dose IggﬁggTSHEEr
actini c. radi ation into respective first, second, and third regions
of an original resist | ayer, having a uniform conposition and a

uni form thickness, |ocated on a pl anar surface of a body that is
transparent with respect to optical radiation of a prescribed

wavel engt h, whereby the first, secengs -and third regi ons have

mutual ly different rates of thickness reduction during step (b); b)
subjecting the original resist layer to a first treatnment that reduces the

t hi cknesses t S and third regions of the resist layer to
it ual 1y SELF-ALGNEEMETAOH B SAk NG Buashattmie Tiasiek e
thickness of the MASKSHAMWING THREE!ORMOREPHASEaSHIFTSess than those

of the seignd a?d third regions; c) subj ecting the remaining resi st
| ayer and regi on of the body that underlies the first region

of the original reaiphtsd-ehifingtinheeragieio nthsk hadingawio drimdreatFafisnddne
phasc-shifting regions is fabricated by a sequence of etchings of the phase-shifting
mask using a protective resist layer having three or more regions (411, 412, 410,
401) that have been subjected to mutually different doses (including possibly zero)
of actinic radiation--such as electron beam, ion beam, or photon beam radiation. A
self-aligned opaque region (901) can be supplied by in-situ carbonization of
remaining resist material. Figure 4
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first region of the body down to predeterni ned d(!pth beneath lgsl, pij; na;rSGw
Surface; d) subj ecting the renmining resist: l,ayer. to a th[J; ,,frte Fjgj’ut
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SELF-ALIGNED METHOD OF MAKING PHASE-SHIFTING LITHOGRAPHIC
MASKS HAVING THREE OR MORE PHASE-SHIFTS

Background of the Invention

This invention relates to optical lithography, such as that used for
fabncanng semiconductor integrated circuit and other devices. More particularly the
invention relates to methods of making phase-shifting masks, for use in optical
systems for lithographically fabricating such devices. These masks are also called
“reticles” particuiarly when used in optical systems having magnifications different
from unity.

SPIE vol. 1604 11th Annual BACUS symposium 1991 teaches the
formation of 3 photoresist regions which are exposed to 3 different levels of optical
radiation by using a TriDensity phase-shift Mask. Underlying films are wet-etched
in development steps.

Microelectronic Engineering vol. 9 May 1989 Nos. 1 to 4 describes the
formation of 3 regions in a multiple-optical density mask by an non-self-aligned
method. Two patterns are aligned in the fabrication of the mask.

IBM Technical Disclosure Bulletin March 1988 vol. 30 discloses the
carbonising of a resist to form an absorber pattern on a mask.

FIG. 1 shows a typical optical lithographic fabrication system 100 for
delineating features in a workpiece 120. Typically the workpiece comprises a
semiconductor wafer (substrate), together with one or more layers of material(s) (not
shown) located on a top major surface of the wafer. More specially, monochromatic
optical radiation of wavelength A emitted by an optical source 106, such as a
mercury lamp, propagates through an aperture in an opaque screen 105, an optical
collimating lens 104, a lithographic mask of reticle 103, and an optical focusing lens
102. The optical radiation emanating from the reticle 103 is focused by the lens 102
onto a photoresist layer 101 located on the top major surface of the workpiece 120.
Thus, the pattern of the reticle 103 - that is, its pattern of transparent and opaque
portions -~ is focused on the photoresist layer 101. Depending upon whether this
photoresist is positive or negative, when it is subjected to a development process,
typically a wet developer, the material of the photoresist is removed or remains at
and only at areas where the optical radiation was incident. Thus, the pattern of the
mask is transferred to (“printed on") the photoresist layer 101. Subsequent etching
processes, such as wet etching or dry plasma etching, remove selected portions of the
workpiece 120. Portions of the workpiece 120 thus are removed from the top



- 14 - e) subjecting the remaining third region of the remaining

resist |layer and a second regi on of the body that underlies the
second region of the resist layer to a fourth treatnment that etches
the first and second regions of the body to different pr edet er m ned

first and second depths, respectively, beneath its planar surface,
foll owed by the step of renpbving the remaining third region of the
remai ni ng resi st |ayer. -2 -

surface of the workpiece 120 at areas underlying those where the photoresist layer
101 was removed by the development process but not at areas underlying those
regions where the photoresist remains. Alternatively, instead of etching the
workpiece, impurity ions can be implanted into the workpiece 120 at areas
underlying those where the photoresist layer was removed by the development
process but not at areas underlying where the photoresist remains. Thus, the pattern
of the mask 103 -- i.e., each feature of the mask -- is transferred to the workpiece 120
as is desired, for example, in the art of semiconductor integrated circuit fabrication.
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- 15 - 16. A phot ol i t hographi ¢ met hod conpri si ng| tKRPLACEMENTOSHE Bl
formng a phase-shifting mask in accordance wth the|sgeps—recited T c

10; b) directing optical radiation conprising the}pfescri vel en
onto the phase-shifting mask, while focusing {hg r1§ir’ﬁ§%
propagati ng through the phase-shifting mask opt s

| ocated on a wor kpi ece, whereby -3 -an optical inpge of the mask is
formed on the photoresist |ayer; c) devel oping th ' r
whereby a feature is fornmed therein in accordance with the image
t he mask; and In fabricating such circuits, it is desirable, for cxample, to have as many

transistors per wafer as possible. Hence, it is desirable to have as small a transistor
or other feature size as possible, such as the feature size of a metallization
stripe--i.e., its width W--or of an aperture in an insulating layer which is to be filled
with metal, in order to form electrical connections, for example, between one level
of metallization and other. Thus, for example, if it is desired to print the
corresponding isolated feature having a width equal to W on the photoresist

layer 101, a feawre having a width equal to C must be located on the mask
(reticle) 103. According to geometric optics, if this feature of width equalto Cisa
simple aperture in an opaque layer, then the ratio W/C = m, where m =L2/L1, and
where m is known as the lateral magnification. When diffraction effects become
important, however, the edges of the image become indistinct; hence the resolution
of the features of the reticle 103, as focused on the photoresist layer and transferred
to the workpiece, deteriorates.

In order to improve the resolution, in the prior art phase-shifting
lithographic masks have been taught. A phase-shifting mask is used as the mask (or
reticle) 103 in the system 100. Moreover, a phase-shifting mask comprises various
regions that impart various phase shifts to the optical radiation that originates from
the source 106 and propagates through the mask 103 in the system 103. More
specifically, these phase-shifting masks have opaque and transparent regions. The
transparent regions iypically have at least two different thicknesses suitable for
imparting at least two different phase shifts, typically 0 and = radians, to the optical
radiation (of wavelength A) propagating through the mask when it is being used as
the reticle 103.

For example, as shown in FIG. 2, a phase-shifting mask 200, typically a
slab of (optically transparent) quartz, comprises an optically opaque region 201
located at a top surface of the mask. This opaque region 201 is bounded by a pair of
edges running parallel to the Y-direction and terminating at say Y = Y.

The opaque region 201 typically can be supplied by an opaque metallic
region. Alternatively, this opaque region 201 can be supplied by a diffraction
grating region that is constructed so as to diffract light away from the zero'th order
of the resulting diffraction pattern, and thus the diffraction grating region is
equivalent to an opaque region when the mask 200 is used as the reticle 103 in the
system 100. Such a diffraction grating region, however, requires a higher resolution
<han does the remainder (transparent regions) of the mask, whereby undesirably long
fabrication times, as well as undesirably stringent geometric tolerances, are required.

| ai m
gth
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transition region 212, which is also located between regions 210 and 211, separates
other portions of these regions 210 and 211 from each other. This transition
region 212 imparts a phase shift that is intermediate ¢ and ¢, typically
approximately /2 radian, that of itself does not produce a separate (third) region in
the image on the photoresist layer 101 but produces only a transition region in the
mask 200. The transition region 212 can also be subdivided, as indicated in phase-
shift mask 300 (FIG. 3), into transparent subregions 221 and 222 that impart phase
shifts equal to approximately x/3 and 2x/3 radian, respectively.

‘When using the mask 200 or 300 as the reticle 103 in the system 100,
the optical radiation from the source 106 will be focused as an image on the
photoresist layer 102 in such a manner that this image will have a feature running
parallel to the Y-direction and terminating along an edge parallel to the X-direction.
Thus, after the development process the photoresist layer will be patterned; more
specifically, it will have a feature bounded by a pair of parallel edges running
parallel to the Y-direction and terminating at say Y = Y, (not shown) where Y=Y,
is the image of Y = Y. Finally, the thus patterned photoresist layer can be used to
transfer its pattern to the underlying workpiece 120, as by means of ion implantation,
or by means of dry or wet etching.

In a paper authored by H. Watanabe et al. entitled "Transparent phase
shifting mask with multistage phase shifter and comb-shaped shifter," published on
6-8th March 1991 by SPIE at pp. 101-110, multiple phase shifts in a
phase-shifting masks were obtained by using the multiple phase shifts produced in a
resist layer that had multiple thicknesses. The resist layer was located on a
transparent parallel slab. The multiple thicknesses were produced by development of
a resist layer, initially of uniform thickness prior to such development, having four
regions that had been implanted with four mutually different dose levels (i.e., charge
per unit area, one of them equal to zero) of electrons. Although only a single
alignment was involved for all the different dose levels (i.e., mutually self-aligned
thicknesses), a disadvantage of this method is that the resist layer is an essential
phase-shifting element that remains in the phase-shifting mask. Such a resist layer
cannot be repaired éasily in case it has defects, is not stable with the passage of time
(during subsequent use as the reticle 103 in the system 100}, and introduces

~undesirable optical reflections owing a resulting discontinuity of refractive index at
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‘original resist layer is contiguous with the second eﬁfﬁgl@?ﬂtﬁf éhlhgr
t he second region thereof is contiguous with the thifdiregi on thereof,
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20. The nethod of claim19 in which the first, seﬂond, thir

dose | evel s
I ncreasi ng,

the first or fourth dose level is equalftp _essentially ;

are nonotoni cal ly decreasing or potanically
respectively. -2 -

the interface of the resist layer and the underlying transparent slab.

Therefore, it would be desirable to have a method of forming a phase-
shifting mask having three or more phase-shifting regions which impart three or more. |
mutually differing respective phase shifts to the optical radiation of wavelength A,
propagating through mask, but which does not require a scparatc alignment stcp
between cach etching (i.e., a single-alignment method that thus produces mutually self-
aligned multiple phase-shifting regions) and which does not rely on multiple phase
shifting by resist material.

In addition it would be further desirable to have a single-alignment

method of forming just two phase-shifting regions—such as regions 210 and 211—that °

impart two different phase shifts and that are separated by an opaque region, as
exemplified by the cut 11-11 shown in FIG. 2. And it would be yet further desirable to
have a sclf-aligned method of forming an opaque region that does not require a
diffraction grating. '

Summary of the Invention

According to one aspect of the invention, we provide a method of
making a phase-shifting mask comprising the steps of

a) introducing first, second and third mutually different dose levels
(D0,D2,D3) of actinic radiation into respective first, sccond, and third regions (411,410,
401) of an original resist layer, having a uniform composition and % uniform thickness,
located on a planar surfacc of a body that is transparent with respect to optical radiation
of a prescribed wavelength, whereby the first, second and third regions have mutually
different rates of thickness reduction during step (b);

b) subjecting the original resist layer to a first treatment that reduces the
thicknesses of the first, second, and third regions of the resist layer to mutually different
amounts, and in particular that reduces the thickness of the first region to an amount that
is less than those of the second and third regions;
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phase-shifting mask, while focusing the radiation propagafi g.through t he
phase-shifting mask onto a photoresist dayer |ocated on WOTRPTETE,
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underties the first region of the original resist layer to a second treatment that ctches the
first region of the body down to a predetermined depth heneath its planar surface, and

d) subjecting the remaining resist layer to a third treatment that reduces
the thickness of the remaining second region of the remaining resist layer to an amount
that is less than that of the remaining third rcgion of the remaining resist layer,

According to another aspect of the invention, we providc a method of
making a phase-shifting mask comprising the steps of:

a) introducing first, second, third, and fourth mutnally different dose
levels (D0,D1,D2,D3) of actinic radiation into first, second, third, and fourth regions
(411,412,410,401), respectively, of an original resist layer, baving a uniform
composition and a uniform thickness, located on a planar top surface of a body that is
transparent with respect to a prescribed wavelength, whereby the first, second, third, and
fourth regions have mutually different rates of thickness reduction during step (b)
herein; )

b) subjecting the resist layer to a first (reatment that reduccs the
thicknesses of the first, second, third, and fourth regions of the original resist laycr to
mutually different amounts, and in particular that reduces the thickness of the first
region to an amount that is less than those of the second, third, and fourth regions;

C) subjecting the remaining resist layer and a first region of the body,
underlying the first region of the original resist layer, to a second treatment that etches
the first region of the body down (o a predetermined depth beneath its planar surfacc;

d) subjecting the remaining resist layer to a third treatment that reduces
the thicknesses of the remaining sccond, third, and fourth regions of the remaining resist
layer to mutually different amounts, and in particular that reduces the thickness of the
remaining sccond region of the remaining resist layer {0 an amount that is less than
those of the remaining third and fourth regions of the remaining resist layer;

¢) subjecting a second region of the body underlying the second region of
the original resist layer, and the first region of the body, and the remaining resist layer to
a fourth treatment that etches the first and second regions, respectively, of the body
down to prescribed unequal respective depths beneath the major planar surface; no
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a phase-shifting mask conprising the steps of: a) i gt foduci ng first
second, and third nutually different dose |evels of acfificlS JAN 1999
radiation into respective first, second, and third regi of an origi
resi st | ayer, having a uniformgcgnposition and
| ocated on a pl anar surface of a body that is t
respect to optical radiation of . a prescribed wavel ength, whereby the
first, second, and thi rg regi OBS have ..mutual ly different rates of

t hi ckness r ¢§tiniciradiation being Direduqed)intohe remaiying wesist [aver swhseqieng la-wep (Bdsi st
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first region . to an anount that i's less than those of the second and
t hi rd regi orshifting mask that bas becn made in accordance with the prior art or with the invention;

FIG. 2 is a top view diagram of a portion of a phase-shifting mask to be

fabricated in accordance with a first specific embudiment of the inveation;

FIG. 3 is a top view diagram of a portion of another phase-shifting mask
to be fabricated in accordance with a sccand specific embodiment of the invention;

FIGS. 4-8 are elevational side views of 4 cross section of various
successive stages in the fabrication of a phase-shifting mask in accordance with the first
specific embodiment of thé invention; and

FIGS. 9-10 are elevational side views of another cross section of various .
successive stages in the fabrication of a phase-shifting mask in accordancc with the’
second specific embodiment of the invention.



c) subj ecting the remaining resist |ayer and first

that underlies the first region of the origind
second treatnent that etches the first region
predet erm ned depth beneath its planar surfacef

remaining resist layer to a third treatnment that redu
t hi ckness of the remaining second reg?'. en of the remai
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Detailed Description

Referring now to FIG. 4, a slab 10 is made of a material, such as quartz,
that is transparent to the optical wavelength A emitted by the source 106 (FIG. 1).
This slab 10 has a top planar major surface on which is located a spun-on resist
layer.: This resist layer advantageously has a uniform thickness.

Various regions 401, 410, 412, and 411 of the resist layer have been
subjected to mutually different dose levels D3, D2, D1, and DO, respectively, of
actinic radiation. These regions 401, 410, 412, and 411 advantageously have the
same topology (top view) as the regions 201, 210,212 ,and 211 (FIG 2),
respectively, taken along the section labeled 9-9 (FIG. 2).

Typically the resist layer is negative tone, such as a resist composed of a
polymer, crosslinker, and an acid generator--for example, SAL601 sold by Shipley.
The actinic radiation typiéally is an electron beam of 10 keV energy. The dose
levels D3, D2, D1 and DO in the regions 401, 410, 412, and 411 are monotonically
decreasing (D3> D2> D1> DO) and are respectively dependent on the respective
processing and development conditions, for example, the respective parameters of
post-exposure baking and development. Typically the dose level DO is essentially
Zer0.

The resist layer is (FIG. 5) subjected to the wet development treatment,
typicaily a wet devélopment process--such as with a solution of ammonium
hydroxide in water, typically in the approximate range of 0.2 to 0.3 normality--for a
time interval that is sufficient to reduce the thickness of the region 411
advantageously essentially to zero, whereby a surface area 511 of the slab 10
becomes exposed. The duration of this time interval in general, of course, will
depend on the nature and concentration of active components in the developing
process. At the same time the thicknesses of resist regions 401, 410, and 412 are
reduced, whereby remaining resist regions 501, 510, and 512, respectively, are
formed--the thickness of resist region 401 being reduced very little, provided that the
dose level D3 was sufficiently high, and the thicknesses of the remaining resist
regions 501, 510, and 512 being monotonically decreasing.

| Next (FIG. 6), the remaining resist regions and the exposed surface area
511 of the slab 10 are subjected to a dry etching, typically with a fluorine-containing
plasma such as pro.vided by CF4 or CHF; (or both), with or without O,--whereby
the exposed surface area 511 is etched down to exposed surface area 611 located ata
depth beneath the original top surface of the slab 10 that is advantageously
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resist |layer and a second region of the body thatj

second region of the resist layer to a fourth tr atnep t hat etche
the first and second regions of the body to different éhﬂﬂ%t I fe
first and second depths, respectively, beneath its plangr Lsurface,

foll owed by the step of renoving the gemaining third region of the
remai ni ng resi st |ayer.

equivalent to a phase shift of ©t/2 with respect to the wavelength A. At the same
time, the resist regions 501, 510, and 512 respectively become resist regions 601,
610, and 612 with no significant changes in their respective thicknesscs.

Next (FIG. 7), the remaining resist layer and the exposed areas of the
slab are subjected to a dry etching treatment, such as with an oxygen plasma, which
etches material of the rt;sisi but not significantly of the slab 10. This etching is
performed for a time interval that is sufficient to reduce the thickness of the resist
region 612 advantageously essentially to zero, whereby a surface area 712 of the slab
10 becomes exposed. The required duration of the this time interval, of course, will
depend on the electrical and chemical parameters of the oxygen plasma. At the same
time, the thicknesses of the resist regions 601 and 610 are reduced, whereby
remaining resist regions 701 and 710, respectively, are formed—the thickness of the
remaining region 701 being larger than that of the remaining region 710. Also, the
exposed surface area 611 of the slab 10 becomes essentially the same exposed
area 711--that is, with no significant change in depth beneath the original top surface
of the slab 10; and the exposed surface area 712 is located flush with the original top
surface of the slab 10.

Next (FIG. 8) the remaining resist regions and the exposed surface
areas 712 and 711 are subjected to a dry etching, again typically with a fluorine-
containing plasma--whereby the surface areas 712 and 711 are etched down to
exposed surface areas 812 and 811, respectively, located at depths beneath the
original top surface of the slab 10 that are advantageously equivalent to phase shifts
of ©/2 and &, respectively. At the same time, the resist regions 701 and 710 become

~ essentially the same resist regions 801 and 801, respectively--that is, with no
changes in their respective thicknesses.

Next (FIG. 9) the remaining resist regions 801 and 810 and the exposed
surface areas 812 and 811 of the slab 10 are subjected to a dry etching treatment,
such as with an oxygen plasma. This etching is performed for a time interval that is
sufficient to reduce to essentially zero the thickness of the resist region 810, 1o form
an exposed area 910: that is, the surface area 910 of the slab becomes exposed and
does not absorb any significant amount of light when the now-formed mask (FIG. 9)
is used as the reticle in the system 100 (FIG. 1). At the same time, the exposed
surface areas 812 and 811 become essentially the same respective exposed surface
areas 912 and 911, with no significant changes in their respective depths beneath the

- original top surface of the slab 10. Finally, the resist region 910 is carbonized, as by
heating to a temperature of typically approximately 200°C for typically
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approximately one hour, in order to render it permanently opaque for use as the
opaque region 201 (FIG. 2) in the mask 200.

FIG. 10 indicates the situation corresponding to that indicated in FIG. 4,
but taken along the section labeled 11-11 (FIG. 2). FIG. 11 indicates the situation
corresponding to that indicated in FIG. 9, but again taken along the section labeled
11-11-(FIG. 2). In going from the situation depicted in FIG. 10 to that depicted in
FIG. 11, the intermediate situations should be understood from the above description
of the situation depicted in FIGS. 5-8. Furthenﬁore, in case the situation depicted in
FIG. 11 itself is desired, i.e., without any exposed area such as the exposed area 912
having an intermediate equivalent phase-shift, then one of the intermediate dose
levels can be omitted, and hence only three regions of mutually different dose levels
would be needed, in conjunction with one fewer resist reduction steps and one fewer
body etching steps.

Although the invention has been described in detail with respect to a
specific embodiment, various modifications can be made without departing from the
scope of the invention. For example, instead of negative tone, a positive tone resist
can be used in conjunction with dose levels in regions 401, 410, 412, and 411,
respectively, that are monotonically increasing. Also, simultaneous dry etching of
resist and quartz with oxygen and fluorine-containing plasmas can be used and thus
should be regarded as equivalent to the successive etchings of resist and quartz
described above. Farther, instead of carbonizing the remaining resist region 901,
any remaining resist can be removed, while reliance for an opaque region thereat can
be placed upon a diffraction grating (having zero intensity in its zero’th order)
located thereat, in conjunction with one less required dose level of actinic
radiation—that is, using three instead of four resist regions of mutually different dose
levels (including zero), the required thickness of the resist region 901 being equal to
essentially zero, and hence the required thicknesses of the resist regions 801 and 810
being equal. Alternatively, the topology depicted in FIG. 3 can be achieved by using
four resist regions of mutually different dose levels of actinic radiation, in
conjunction with the aforementioned diffraction grating, and with four suitable
etching depths into the slab 10, namely, depths equivalent to 0, #/3, 2x/3, and =t
radian.
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possi bly zero) of actinic radiation--such as el ectron beam (
photon beam radi ation. A self-aligned opaque region (901) can be supplied
by in-situ carbonization of remaining resist material. Figure 4
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A method of making a phase-shifting mask comprising the steps of
introducing first, second, and third mutually different dose levels of actinic
radiation into respective first, second, and third regions of an original resist
layer, having a uniform composition and a uniform thickness, located on a
planar surface of a body that is transparent with respect to optical radiation of
a prescribed wavelength, whereby the first, second, and third regions have
mutually different rates of thickness reduction during step (b);

subjecting the original resist layer to a first treatment that reduces the thickness
of the first, second, and third regions of the resist layer to mutually different
amounts, and in particular that reduces the thickness of the first region to an
amount that is less than those of the second and third regions;

subjecting the remaining resist layer and a first region of the body that
underlies the first region of the original resist layer to a second treatment that
ctches the first region of the body down to a predetermined depth beneath its

planar surface.

The method recited in claim 1 followed by the step of

subjecting the remaining resist layer to a third treatment that reduces the
thickness of the remaining second region of the remaining resist layer to an
amount that is less than that of the remaining third region of the remaining

resist layer.

The method of claim 2 in which the remaining first region of the remaining
resist layer has an essentially zero thicknmess immediately after the first
treatment and in which the remaining second region of the remaining resist has

an essentially zero thickness immediately after the third treatment.

The steps recited in claim 2 followed by the step of carbonizing the remaining

third region of the remaining resist layer.
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5. The method of claim 1 in which the first or third dose level is equal to

essentially zero.

6. The method of claim 5 further comprising the steps of
subjecting the remaining third region, if any, and the remaining fourth region
of the remaining resist layer, the first and second regions of the body, and a
third region of the body underlying the third region of the original resist layer
to a sixth treatment that etches the first, second, and third regions of the body
down to mutually different first, second, and third depths, respectively, beneath
the major planar surface, and

removing the remaining fourth region of the remaining resist layer.

7. A photolithographic method comprising the steps of:

a) forming a phase-shifting mask in accordance with the steps recited in claim 1;

b) directing optical radiation comprising the prescribed wavelength onto thé
phase-shifting mask, while focusing the radiation propagating through the
phase-shifting mask onto a photoresist layer located on a workpiece, whereby
an optical image of the mask is formed on the photoresist layer;

©) developing the photoresist layer, whereby a feature is formed therein in
accordance with the image of the mask; and

d) .  transferring into the workpiece the feature in the photoresist layer.

8. The method of claim 1 in which the third region is contiguous with the first
and second regions,
in which the first or third dose level is equal to essentially zero, and
in which the first, second, and third dose levels respectively are monotonically

increasing or monotonically decreasing.

9. A photolithographic method comprising the steps of:

a) forming a phase-shifting mask in accordance with claim 8;
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b) directing optical radiation .comprising the prescribed wavelength onto the
phase-shifting mask, while focusing the radiation propagating through the
phase-shifting mask onto a photoresist layer located on a workpiece, whereby
an optical image of the mask is formed on the photoresist layer;

) developing the photoresist layer, whereby a feature is formed therein in
accordance with the image of the mask; and

d) transferring into the workpiece the feature in the photoresist layer.

10. - A method of making a phase-shifting mask comprising the steps of
a) introducing ﬁrst,‘ second, third, and fourth mutually different dose levels of
| actmxc radiation into first, second, third and fourth regions, respectively, of an
original resist layer, having a uniform composition and a uniform thickness,
located on a planar top surface of a body that is transparent with respect to a
prescribed wavelength, whereby the first, second, third, and fourth regions have
mutually different rates of thickness reduction during step (b) herein;

b) subjecting the resist layer to a first treatment that reduces the thickness of the
first, second, third, and fourth regions of the original resist layer to mutually
different amounts, and in particular that reduces the thickness of the ﬁrét region
to an amount that is less than those of the second, third, and fourth regions;

c) subjecting the remaini;xg resist layer and a first region of the body, underlying
the first region of the original resist layer, to a second treatment that etches the
first region of the body down to a predetermined depth beneath its planar
surface;

d) subjecting the remaining resist layer to a third treatment that reduces the
thickness of the remaining second, third, and fourth regions of the remaining
resist layer to mutually different amounts, and in particular that reduces the
thickness of the remaining second region of the remaining resist layer to an
amount that is less than those of the remaining third and fourth regions of the
remaining layer;

e) subjecting a second region of the body underlying the second region of the

original resist layer, and the first region of the body, and the remaining resist
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layer to a fourth treatment that etches the first and second regions, respectively,
of the body down to prescribed unequal respective depths beneath the major
planar surface, no actinic radiation being introduced into the remaining resist

layer subsequent to step (b).

11.  The method of claim 10 further comprising, subsequent to step (e) therein, the
step of subjecting the remaining resist layer to a fifth treatment that reduces the
thickness of the remaining third region of the remaining resist layer to an
amount that is less than that of the remaining fourth region of the remaining
resist layer.

12.  The method of claim 11 further comprising, subsequent to the fifth treatment,
the step of subjecting the remaining resist layer, the first and second regions
of the body, and a third region of the body underlying the third region of the
original resist layer to a sixth treatment that etches the first, second, and third
regions of the body down to mutually different depths beneath the major planar
surface.

13.  The mcthod. of claim 12 in which the first, third, and fifth treatments,
respectively, reduce the thicknesses of the respective first, second, and third

regions of the remaining resist layer essentially to zero.

14.  The method of claim 11 further comprising the step of carbonizing the

remaining fourth region of the remaining resist layer.

15. The method of claim 14 in which the first, third, and fifth treatments,
. respectively, reduce the thicknesses of the respective first, second, and third

regions of the remaining resist layer essentially to zero.
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A photolithographic method comprising the steps of:

forming a phase-shifting mask in accordance with the steps recited in claim 10;
directing optical radiation comprising the prescribed wavelength onto the
phase-shifting mask, while focusing the radiation propagating through the
phase-shifting mask onto a photoresist layer located on a workpiece, whereby
an optical image of the mask is formed on the photoresist layer;

developing the photoresist layer, whereby a feature is formed therein in
accordance with the image of the mask; and

transferring into the workpiece the feature in the photoresist layer.
The method of claim- 10 in which the first or fourth dose level is equal to zero.

A photolithographic method comprising the steps of

forming a phase-shifting mask in accordance with claim 17;

directing optical radiation comprising the prescribed wavelength onto the
phase-shifting mask, while focusing the radiation propagating through the
phase-shifting mask onto a photoresist layer located on a2 workpiece, whereby
an optical image of the mask is formed on the photoresist layer; |
developing the photoresist layer, whercby a feature is formed therein in
accordance with the image of the mask; and

transferring into the workpiece the feature in the photoresist layer.

The method of claim 10 in which

the first region of the original resist layer is contiguous with the second region
thereof, the second region thereof is contiguous with the third region thereof,
and the third region is contiguous with the fourth region thereof, and in which

the first or fourth dose level is equal to essentially zero.

The method of claim 19 in which the first, second, third, and fourth dose levels

are monotonically decreasing or monotonically increasing, respectively.

A 0B VL
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21. A photolithographic method comprising the steps of

a) forming a phase-shifting mask in accordance with claim 19;

b) directing optical radiation comprising the prescribed wavelength onto the
phase-shifting mask, while focusing the radiation propagating through the
phasé-shifting mask onto a photoresist layer located on a workpiece, whereby
an optical image of the mask is formed on the photoresist layer;

c) developing the photoresist layer, whereby a feature is formed therein in
accordance with the image of the mask; and :

d) transferring into the workpiece the feature in the photoresist layer.

22. A method of making a phase-shifting mask comprising the steps of:

a) introducing first, second, and third mutually different dose levels of actinic
radiation into respective first, second, and third regions of an original resist
layer, having a uniform composition and a uniform thickness, located on a
planar surface of a body that is transparent with respect to optical radiation of
a prescribed wavelength, whereby the first, second, and third regions have
mutually different rates of thickness reduction during step (b);

b) subjecting the original resist layer to a first treatment that reduces the
thicknesses of the first, second, and third regions of the resist layer to mutually
different amounts, and in particular that reduces the thickness of the first region
to an amount that is less than those of the second and third regions;

c) subjecting the remaining resist layer and first region of the body that underlies
the first region of the original resist layer to a second treatment that etches the
first region of the body down to predetermined depth beneath its planar
surface;

d) subjecting the remaining resist layer to a third treatment that reduces the
;hickness of the remaining second region of the remaining resist layer to an
amount that is less than that of the remaining third region of the remaining

resist layer; and
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subjecting the remaining third region of the remaining resist layer and a second
region of the body that underlies the second region of the resist layer to a

fourth treatment that etches the first and second regions of the body to different
predetermined first and second depths, respectively, beneath its planar surface,

followed by the step of removing the remaining third region of the remaining

resist layer.
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SELF-ALIGNED METHOD OF MAKING PHASE-SHIFTING LITHOGRAPHIC
MASKS HAVING THREE OR MORE PHASE-SHIFTS
Abstract
A phase-shifting lithographic mask having two or more self-aligned
phasc-shifting regions is fabricated by a sequence of etchings of the phase-shifting
mask using a protective resist layer having three or more regions (411, 412, 410,
401) that have been subjected to mutually different doses (including possibly zero)
of actinic radiation--such as electron beam, ion beam, or photon beam radiation. A
self-aligned opaque region (901) can be supplied by in-situ carbonization of
remaining resist material. Figure 4
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