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LITHOGRAPHIC TECHNIQUES 
Background of the Invention 
This invention relates to lithographic techniques such as used for the 

fabrication of semiconductor integrated circuit and other devices by optical 
5 lithography. 

In fabricating integrated circuits by optical lithography systeJns, 
diffraction effects can become important whereby the edges of the image formed by 
a mask ("reticle") become fuzzy (lose their sharpness); ~ence the resolution of the 
mask features, when focused on a photoresist layer located on the surface of a 

10 semiconductor wafer, undesirably deteriorates. 

In a paper entitled "New Phase Shifting Mask with Self-Aligned Phase 
Shifters for a Quaner Micron Lithography" published in International Electron 
Device Meeting (IEDM) Technical Digest, pp.57-60 (3.3.1-3.3.4) (December 1989), 
A. Nitayama et al taught the use of masks having transparent phase-shifting portions 

15 in an effort to achieve improved resolution--i.e. improved sharpness of the image of 
the mask features focused on the photoresist layer. More specifically, these masks 
contained suitably patterned transparent optical phase-shifting layers, i.e. layers 
having edges located at predetennined distances from the edges of the opaque 
portions of the mask. Each of these phase-shifting layers had a thickness .l equal to· 

20 A/l(n-1), where A. is the wavelength of the optical radiation from the source 106 
(FIG. 1) and!! is the refractive index of the phase-shifting layers. Thus, as known in 
the art, these layers introduced phase shifts (delays) of 7t radians in the optical 
radiation. By virtue of diffraction principles, the presence of these phase-shifting 
layers should produce the desired improved resolution. Such masks are called 

\.J 25 "phase-shifting" masks. 

The mask structure described· by A. Nitayama et al., op. cit. was 
manufactured by a single-alignment-level process involving a step o~ wet etching an 
opaque chromium layer located underneath a phase-shifting layer of PMMA which 
is resistant to the wet etching, whereby the etching of the chromium layer undercut 

30 the PMMA layer and formed a phase-shifting mask. However, the lateral etching of 
the chromium layer is difficult to control, so that the positioning of the edges of the 
chromium layer is likewise difficult to control. Yet this positioning of the edges of 
the opaque chromium must be carefully controlled in order to .yield the desired 
improved resolution for the mask. 

35 Therefore, it would be desirable to have a more controllable single-
alignment-level method of manufacturing phase-shifting masks. More generally, it 
would be desirable to have a more controllable single-alignment-level lithographic 
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technique for achieving self~aligned features. 

Summary of the Invention 

In accordance with the invention, we provide a process as set forth in 

claim 1. It is advantageous that the process have, in addition, the steps recited in 

S claim 2, 3, 4 or 5. It is funher advantageous that the process have the feature recited 

in clajm 6 or 7. It is also advantageous that the process have the feature recite4 in 

claim 8 and 9. And it is yet funher advantageous that the process have the features 

recited in claim 10. . 

Brief Description of the Drawing 

10 FIGS. 1-5 are side elevational views in cross section of various stages in 

the manufacture of a phase-shifting mask, in accordance with a specific embodiment 

of the invention; 

v FIGS. 6-7 are side elevational views in cross section of various stages in 

the manufacture of a phase-shifting mask, in accordance with another specific 

15 embodiment of the invention; and 

FIG. 8 is a side elevational view in cross section of a phase-shifting 

mask manufactured in accordance with yet another specific embodiment of the 

invention. 

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

20 Detailed Description 

Referring now to the drawings, FIG. 1 shows an early stage in the 

making of an illustrative portion of a desired phase-shifting mask 600 (FIG. 5) for 

use as a reticle such as is used in optical systems having magnifications different 

from unity. For the sake of definiteness it will be assumed that the feature desired in 

\,_.,· 25 this portion of the mask is a square aperture, but it should be understood that other 

features can be made, such as a circular aperture or a line-space feature. 

Substrate 11 is transparent, typically amorphous quartz. Layer 12 is a 

transparent phase-shifting layer, e.g., spun-on glass, located on a major surface of the 

quartz substrate 11 itself. For phase-shifting by 7t radian, the thickness of the layer 

30 12 is everywhere equal to A/2(n-l), where l is the vacuum wavelength to be used in 

the optical lithography system and !!. is the refractive index of the material in layer 

12. Layer 13 is an opaque layer, typically chromium having a unifonn 
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thickness of about 0.1 µm, which has been deposited on a top major surface of the 

transparent layer 12. Note that if the layer 13 is electrically conductive, as is 

chromium, advantageously it is grounded during the electron bombardment of the 

overlying resist. 

5 Layer 14 is a positive tone electron beam resist, typically a mixture of .a 

polymer such as polycresolformaldehyde and a radiation-sensitive compound such as 

substituted 1,2 napthoquinone diazide. This layer 14 has a uniform thickness, 

typically of about 0.5 µm, and it has been bombarded with electrons in regions 15 

and 16 thereof, but not elsewhere .. The close of electrons received in region 15 is 

l 0 made different from that in region 16, as discussed further below. The contour of the 

boundaries of these regions, as viewed from above, are in accordance with the 

ultimately desired feature in the mask 600 thereat Thus, for a square apenure 

feature, the edges of region 16 form a square, and the edges of the region 15 form a 

square-ring. For a line-space feature, the edges of the regions 15 and 16 form 

15 parallel lines. 

The doses of electrons received by regions 15 and 16 of the resist layer 

are selected such that when the resist layer is developed with a suitable developing 

process, region 16 of the resist layer is removed but region 15 thereof remains intact 

(as does region 14). For example, a developer composed of tetra.methyl-ammonium 

20 hydroxide solution i~ water (normality 0.3 N) can be used. Thus, typically the dose 

in region 16 is lower than that in region 15 but is nonetheless sufficient in region 16 

to enable the developing process to remove the resist therein, as known in the art 

The dose in region 14 is zero. Thus the resist layer is patterned with an aperture 21 

(FIG. 2) in the resist material. where the low dose was received. 

25 Using the thus patterned resist layer 14 as a protective mask in 

conjunction with etching, the opaque chromium layer 13 and the spun-on glass 

layer 12 are subjected to etching, whereby the aperture 21 penetrates down through 

the chromium and spun-on glass layers to the top sur(ace of the quarter layer 11. For 

example, to etch selectively the chromium layer 13, a wet etchant such as cerric 

30 ammonium nitrate or a dry etching with a chlorinated gaseous plasma can be used; 

and to etch the spun-on glass layer 12 a mixture of 10:1HFand40% NH3 F, in a 

volume ratio of 3 to 50, or a dry etching with a fluorinated gaseous plasma, can be 

used. 
Next (FIG. 3), the resist layer is subjected to a process which renders 

35 region 17, but not region 15, immune from removal during a subsequent (FIG. 4) 

resist removal step. For example, the resist is treated with silicon-containing 
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species, such as an organic silicon-containing agent (such as hexamethyldisilazane), 

whereby region 14 (or at least a top portion thereof) forms a silylated region 17; but 

region 15 does not become silylated, because the high dose of electrons to which it 

was originally subjected (FIG. 1} produces cross-linking of the resist material, 

5 whereby it becomes impervious to silicon and hence resistant against silylation. 

As a consequence of the silylation, the resist in region 17, formerly 

region 14, but not in region 15 becomes resistant against a second etching step, such 

as a treatment with an oxygen plasma. As a result of such second etching step, an 

aperture 22 is formed in the resist layer 17. Consequently, after such second etching 

10 step, the resist in region 15, but not in region 17, is removed (FIG. 4). Then. using 

the resist remaining in region 17 as a protective mask against etching, an etching 

process is used of the kind which removes the portion of the chromium layer 13, but 

not the spun-on glass layer 12, underlying the aperture 22. Again, a wet etchant such 

as cerric ammonium nitrate can be used, for example. Thus, an aperture 23 is 

15 formed having wider lateral dimension in the chromium layer 13 than in the spun-on 

glass layer 12. Finally, if desired, the remaining resist layer 17 can be removed, as--·. 

known in the art, to form the desired phase-shifting mask or reticle 600 (FIG. 5). 

Prior to the silylation, a flood exposure to mid or near ultraviolet · 

radiation can be perfonned, in order to enhance the diffusion and reaction of the 

20 silylation agent in th~ (uncrosslinked} region 14. 

Instead of using a silicon-containing agent to produce silylation of the 

resist, a tin-containing agent can be used to diffuse into and react with the resist. 

If etching the layer 12, in going from the situation shown in FIG. 1 to 

that shown in FIG. 2, would spoil the regions 14 or 15 of the resist layer--as may be 

25 the case especially where dry plasma etching of the layer 12 is used--then the 

layer 12 is not etched until after the situation shown in FIG. 4 and before the 

situation shown in FIG. 5 is attained; that is, the layer 12 is etched using the layer 13 

alone as a mask. 

In case the desired mask feature is clustered line-spaces, the procedures 

30 indicated in FIGS. 6-7 can be used. ·Referring now to FIG. 6, instead of bombarding 

the surface ·of the resist layer in accordance with the pattern shown in FIG. l, the 

bombardment is carried out in accordance with FIG. 6. Again regions 14 represent 

no dose of electron bombardment, and the dose in region 16 is typically lower than 

that in region 15. It should be understood that all these regions extend perpendicular 

35 to the plane of the drawing as elongated regions bounded by parallel lines. Then by 

using the same steps described above in connection with FIGS. 1-5, a mask 800 
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(FIG. 7) is fonned having the desired alternating line-space phase-shifting features, 
for use as a reticle. 

Instead of silylation, an optical flood exposure can be used. More 
specifically, after the mask being formed has been brought into the condition shown 

5 in Fiq. 6, and after the region 16 together with those portions of the chromium 
layer 13 and the spun-on glass layer 12 underlying it have thereafter all been 
re1n:oved, the entire top surface of the remaining structure is exposed to optical 
radiation, typically mid or near ultraviolet, whereby the region 14 of the resist layer 
becomes susceptible to removal by a second development step, such as a second wet 

10 development which may be the same that was used earlier to remove region 16. 
Thus, after this second development step, the resulting pattern of removed and 

\.....--· unremoved regions 14 and 15 of the resist layer will be complementary to that 
obtained by the above-described silylation procedure. In particular, region 14 will 
be removed, and region 15 will remain. Using region 15 as a protective layer against 

15 etching the underlying chromium layer 13, a subsequent etching of the chromium 
layer 13 will therefore result in the mask 900 (FIG. 8). 

Instead of the optical flood exposure, electron beam or ion beam flood 
exposure can be used. The silylation procedure, resulting in mask 800, is preferred 
for mostly opaque masks (i.e., most of the mask area being opaque) whereas the 

20 optical flood procedure, resulting in mask 900, is preferred for mostly transparent 
masks. 

The layer 12 in the embodiments shown in FIGS. 1-5 and 6-8 need not 
be present in case the etch rate of the amorphous quartz or other transparent substrate 
can be sufficiently controlled-typically within ±5% across the entire major surface 

25 of the substrate--so that the depth of etch penetration into the substrate satisfies the 
required phase-shifting within desirable diffraction limits. 

Although the invention has been described in detail in tenns of a 
specific embodiment, various modifications can be made without depaning from the 
scope of the invention. For example, instead of a feature in the form of a square 

30 aperture, a circular aperture· can be formed. Also, an isolated line feature can be 
attained by making all the boundaries between regions 14, 15, and 16 (FIG. 1) in the 
fonn of parallel lines (when viewed from above). Clustered line-sP,ace features can 
be obtained by manging regions 14, 15, and 16 in accordance with FIG. 6. 

Instead of using geometrically selective electron bombardment to 

35 delineate the regions 14, 15, and 16, other kinds of bombardments can be used, such 
as ions and/or photons, to which the resist is sensitive. The resist itself can be a 
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negative tone resist, instead of a positive tone resist, with suitable rearrangement of 
the layout of regions 14, 15, and 16, if need be. Instead of chromium for the opaque 
layer 13, other materials having sufficient opacity can be used such as molybdenum 
silicide. Instead of spun-on glass for the phase-shifting layer 12, <?ther materials can 

5 be used that can be differentially (selectively) etched with respecno the underlying . 
(quanz) substrate, such as either silicon dioxide or silicon nitride, which has been 
chemically vapor deposited on the (quanz) substrate. 



\ •.. ./ 

7 

Claims 

I . A single alignment level litbographit techniq11e for making a phase· 
I 

shifting mask consisting essentially for the steps of: 
! 

(a) forming a resist layer on che surface of a first material layer located 
S on the surf ace of a second material layer located on the surface of a subsuate. the 

first material layer being opaque and the second material layer being transparent wilb. 
respect to a prescribed opcical radiation; 

(b) subjecting first, second. and third regiqn.s of the resist layer with 
mutually different ftrsc, second. and l:hird doses of a resisHnodifying radiation per 

t 0 unit area. respectively. me first and second regions having a first common boundary, 
and the second and third regions having a second common boundary: 

(c) subjecting the resist layer to a first development procedun:, whereby 
the first region of the resist is ~moved buE neither the .second region nor the rhird 
region thereof is removed; 

IS (d) removing the first material layer, but not the second material layer. 
in a region thereof underlying the original first region of the resist layer; 

(e) subjecting me second and third re1~ns of die resist layer to a 
rreatment. whereby me second region, but not the tl\ird region. of the resist layer is 
resistaat.(o a removal in step (0: 

20 (t) subjectin1 the second and third regions of the resist layer to a second 
development procedure, whereby the second region, but not the mird region. of the 
resist layer is remo\'ed; 

(g) removing the second material layer in a recion thereof underlying 
the original firsr region of the resist layer; and 

2S (h) etching the first material layer. but not the second material layer, in 
regions thereof underlying the original second region, but not the original third 
region. of the resis1 layer, 

whereby the order of sequence of performance of the steps is {a}. (b), (c), (d), (e), (t), 

(g), (h). 
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whereby there is c:rcaced an edge in lhe first material layer and an edge in the second 
material laY.eS Chat are respectively aligned With respect to cite Second and first 
common bOu'ndaries. 

. . 
2. A single-alignmenr level litholl"&Phic technique for ma.king a phase· 

s shifting mask consisting essentially of the steps of: 

(al fanning a resist layer on the surface of a first material layer located 
on the .surface of a second material layer located on the surface of a substraEe, the 
first macerial being opaque and the second material layer being transparent wich 
respect to prescribed optical radiation; 

10 (b) subjecting first. second. and third regions of the resist layer with 
mutually different.first, second. and third doses of resist·modifying radiation per unit 
area. respectively. me first and second regions havipg a fitst common boundary. and 
the second and rhird regions having a second comn'.on boundary; 

(c) developing the resist layer. whercbt me first region of the resist if 
I 

IS removed but neither the second Ngion nor the chird region thereof is removed; 

(d) removing the first material layer. but not the second material layer. 
in a region thermf underlying the original. first region of the resist layer. 

( e) subjecting the second and third regions of the resist layer to a 
treatment. whereby the second region. but not the third region of the resist layer is 

20 resistant to removal in step (t); 

(f) developing the resist layer. whereby the third region, but not the 
\.._,-· second region. of the rcsisc layer Is removed: 

• Ca> removing r.bc second material layer in a region thereof underlying 
thC original first region of che resist layer: and 

2S (h) et.cbing the first material layer. but not die second material layer. in 

regions theceof underlying the original third region, but not the original second 
region of their resist layer, 
wherein the order of sequence of perfonnance of thq steps is (a), (b}. (c), (d}. (c). (f}, 

(g). (h). 

30 whereby there is created an edge in the first material1 layer and an edge in the second 

material layer that are respectively aligned with respect to che second and first 

common boundaries. 

3. The technique of claim 1 or 2 in which tbe second material layer is 
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part of. and has che same chemical compositi~n as that of. che substtale. 

~· ·The technique of claim l or 2 iii ,..hich the radiation recited in step ~b) 
is electrons. 

' S. The technique of claim I or 2 in which the first material is a metal. 
I 

S 6. The leehnique of claim 1 or 2 in wh~b step (e) includes a silylaiion 
Step. 

1. The technique of claim 1 or l in which step (e) includes an optical 
flooding step. 

8. The technique of claim I or 2 in which during step (b) the dose of 

l O radiation received by the third region of the rcsist layer is essentially zero. 

9. The feChnique of claim t or 2 in which during srep (1i) me dose or 

radiation received by Ehe second region of rho resist layer is essentially z;ero. · . -
I 0. A phocolithographic method including die steps of: 

(a) fonning a phase-shifting mask in ~cordance with rhc steps recited 
l.S in claim 9: 

20 

(b) directing the prescribed optical radiation onto die mask. and focusing 

the radiaEion propagating lhrough the mask onto a photoresist layer locaced on a 

major surface of a wafer. or on a layer of material located on a major surface of a 
wafer: 

(c) developing die photarcsist liyer. w•ercby an edge feablre is formed 

therein; and 

\....> (d) defining a feamre at die major surfaee of the wafer or in the layer of 

material; respectively, in accordance with the edge feature in rbe photore~ist layer. 
11. A me1hod of maldn1 a phase-shifting mask device, for use in a 

25 photolithoanphic procedure, comprising the steps recited in claims l or 2 in which 

the tirst material layer is opaque while the substrate and the :second malcrial layers 

are transparent with ~spect to optical radiation to be used in the photolithosraphic 
procedure. 

12. The method claim 11 in which the second material layer is part of the 

30 thickness of the substrate. 
13. A photalithographic method including the steps of: 
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. (~)forming a phase-shifting mui in accordance with the steps recited in 
claim ll; · · · 

(b) ~cting the prescribed optical radiation onto the mask. and focusing 

me radiation propagating through the mask onto a photoresist layer located on a 

S major surface of a wafer. or on a layer of material localed on a major surface of a 
wafer~ 

(c) developing the photoresist layer, whereby an edge feature is fonned 

therein: and 

(d) definin1 a feature at the major surface of the wafer or in the layer of 
l 0 material. respectively, in accordance with the edge fcatUR in the photoresist layer. · . 

14. The method of claim l l in which s~p (el includes an optical flooding 
step. 

IS. The method of claim l4 in which dtmng seep (b) the radiuion is 

clcctr0ns and in which the dose of radiation received by the second regin of me resist 
1 !5 layer essentially zero. 

16. The method of claim 11 in which step (e) includes a silylation step. 

17. The method of claim 16 in which during step (b) the radiation is 
electrons and the dose of electrons received by the third region of the resist layer is 

essentially zero. 

20 18. The merhod of claim 17 in which the tine and second region have 

\. ... ) square or circular conmurs. whereby after rhe eEchiag s1ep an aperture bounded by 

the edS'in the opaque layer is formed in me opaque layer. 
19. A pholOlithographic method including the steps of: 

(a) fonning a phase-shifting tnask in accorilance with the sr.eps recited in 
2S claim 17; 

(b) directing the prescribed optical radiation onto the mask, and focusing 

the opcical radiation propagadng through the: mask1onto a photorcsist layer locat:ed 

on a major surface of a wafer on a .layer of material on a major surf ace of a wafer, 

respectively; 

30 (c) developing the photoresist layer, whereby an edge fearure is fonned 

therein; and 
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(d) defining a feamre at the major surface of the wafer or in the layer of 

nwerial. res~tively, .in accordance wim th~ edge fcaD.are in the phototesist layer. 

lat A phocolidlographic medlod of malci~g semiconductor intcgrao:d 

circuits including die steps of: 

S (a) forming a phase-shifting mask in ~rdance with the st.cps recited in 

claim 11; 

(b) directing the presc:ribed Qpdcal rad~~on on&o the mask. and focusing 

the radiation propagating through d\e mask onto a pboeotesist layer located an a 

major surface of a semiconductor wafer ·or located oa a layer of material locar.ed on a 

'\.../ 10 major surf .:c of a scmlconduc:ror wafer: 

(c) developing the pho~sist layer, wheKby an edge feamre is cicated 

therein: and . 
(d) defining a feacure ar the major surface of the semiconductor wafer or 

in the layer of material. respectively, in accordance with d\e edge feature in the 

IS photoresist layer. 


