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PHOTOMASK FEATURES WITH CHROMELESS 
NONPRINTING PHASE SHIFTING WINDOW 

BACKGROUND OF THE INVENTION 

[0001] The invention relates to a method for patterning 
?ne features for semiconductor devices using a phase shift 
ing mask With no blocking material separating the opposite 
phases. 
[0002] Patterned features making up integrated circuits are 
conventionally formed using photolithography and etch 
techniques. A photomask, Which transmits light in some 
areas and blocks it in others, is formed, the blocking areas 
corresponding to the pattern to be formed on the Wafer 
surface (or its inverse.) The surface to be patterned, for 
eXample a semiconductor or dielectric layer, is covered With 
a layer of photoresist, a photoreactive material. Light is 
projected onto the photoresist surface using the photomask, 
selectively eXposing areas of photoresist. The Wafer is then 
subjected to a developing process, in Which eXposed pho 
toresist (or uneXposed photoresist, in the case of negative 
photoresist) is removed, leaving patterned photoresist 
behind. 

[0003] The remaining patterned photoresist then typically 
serves to protect underlying material during a subsequent 
etch process, creating features in the same pattern as the 
remaining photoresist. 
[0004] Over the years integrated circuits have become 
denser and patterned features smaller. As projected features 
become smaller, the limits of resolution are reached and it 
becomes more dif?cult to project patterns With sharp edges. 
Poor resolution can lead to incomplete patterning and to 
incomplete etching or overetching, causing device ?aWs. 

[0005] Alternating phase shifters, Which invert the phase 
of light in some areas of the photomask, increasing contrast 
in light intensity at the photoresist surface, are a poWerful 
tool to improve resolution and sharpen edges. 

[0006] The use of alternating phase shifters in photo 
masks, hoWever, has disadvantages. When alternating phase 
shifters are used, projected light is either incident, in What 
Will be called Zero degree phase, or inverted, in What Will be 
called 180 degree phase (this is sometimes also called at 
phase.) As Will be more fully described, as conventionally 
used, light in opposite phases is transmitted on opposite 
sides of an obscured area. The con?guration of some pat 
terns leads to phase con?icts, in Which rules dictate that the 
same area must see light of opposite phases. To date, this has 
meant that use of alternating phase shifters has been limited 
to only certain types of patterns. 

[0007] There is a need, therefore, for increased ?exibility 
of phase shifting photomasks. 

SUMMARY OF THE INVENTION 

[0008] The present invention is de?ned by the folloWing 
claims, and nothing in this section should be taken as a 
limitation on those claims. In general, the invention is 
directed to an improved method for using phase shifters in 
a photomask for photolithography. 

[0009] A ?rst aspect of the invention provides for a phase 
shifting photomask comprising a plurality of transmitting 
nonprinting WindoWs transmitting light in a ?rst phase; a 
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transmitting area transmitting light in a second phase, each 
transmitting WindoW substantially entirely surrounded by 
and in contact With the transmitting area With no blocking 
material intervening, Wherein the second phase is substan 
tially opposite the ?rst phase, and Wherein a ?rst Width of 
unbroken transmitting area surrounds each transmitting Win 
doW on all sides, the ?rst Width suf?cient for the unbroken 
transmitting area to print When the photomask is used to 
eXpose photoresist. 

[0010] Another aspect of the invention provides for a 
phase shifting photomask comprising a transmitting non 
printing WindoW transmitting light in a ?rst phase; and a 
transmitting area substantially entirely surrounding and in 
contact With the transmitting WindoW on all sides With no 
blocking material intervening, Wherein the transmitting area 
transmits light in a second phase, the second phase substan 
tially opposite the ?rst phase, and Wherein, When used to 
pattern photoresist, the transmitting area is printing on all 
sides of the transmitting WindoW. 

[0011] An embodiment of the invention provides for a 
phase shifting photomask comprising a plurality of spatially 
separate transmitting nonprinting WindoWs transmitting 
light in a ?rst phase; a transmitting area transmitting light in 
a second phase, the second phase substantially opposite the 
?rst, the transmitting area entirely surrounding and in con 
tact With each of the transmitting WindoWs of the ?rst 
plurality; Wherein each transmitting WindoW is separated 
from its nearest neighbor in the plurality by an unbroken 
length of transmitting area having at least a ?rst dimension, 
and Wherein the smallest dimension of each WindoW is no 
more than about 160 percent of the ?rst dimension. 

[0012] Yet another embodiment of the invention provides 
for a phase shifting photomask comprising a transmitting 
nonprinting WindoW having a ?rst shifting degree; a second 
transmitting area having a second shifting degree, the sec 
ond transmitting area entirely surrounding and in contact 
With the ?rst transmitting WindoW, Wherein the second 
transmitting area is printing on all sides of the transmitting 
WindoW; and Wherein the second shifting degree is substan 
tially opposite the ?rst shifting degree. 

[0013] Another aspect of the invention provides for a 
method for forming a patterned feature on a Wafer surface, 
the method comprising transmitting light through a phase 
shifting photomask onto photoresist covering the Wafer 
surface; forming an isolated ?rst residual photoresist feature 
betWeen a ?rst Wafer area eXposed to light in a ?rst phase 
and a second Wafer area exposed to light in a second phase, 
Wherein the ?rst phase is substantially opposite the second 
phase, and Wherein the second Wafer area entirely surrounds 
the ?rst Wafer area in the plane of the Wafer; and forming the 
patterned feature from the photoresist feature. 

[0014] Still another aspect of the invention provides for a 
method for forming photoresist features on a Wafer surface 
using a photomask, the method comprising transmitting 
light through a ?rst mask area onto a ?rst Wafer area, the ?rst 
mask area having a ?rst shifting degree; transmitting light 
through a second mask area onto a second Wafer area, the 
second mask area having a second shifting degree, Wherein 
the second mask area entirely surrounds and is on all sides 
in contact With the ?rst mask area, and the ?rst shifting 
degree is substantially opposite the second shifting degree; 
and developing photoresist, Wherein, after the developing 
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step, a closed residual photoresist feature remains between 
the ?rst Wafer area and the second Wafer area, and Wherein 
the closed residual photoresist feature is isolated and not 
merged With any adjacent photoresist feature. 

[0015] Another aspect of the invention provides for a 
monolithic three dimensional memory array comprising a 
plurality of patterned features, the plurality of patterned 
features patterned using a photomask comprising: a plurality 
of spatially separate ?rst transmitting WindoWs, Wherein the 
transmitting WindoWs transmit light in a ?rst phase; and a 
transmitting area of the photomask, each transmitting Win 
doW substantially surrounded by and in contact With the 
transmitting area, Wherein the transmitting area transmits 
light in a second phase, the second phase substantially 
opposite the ?rst phase. 

[0016] Each of the aspects and embodiments of the inven 
tion can be used alone or in combination With one another. 

[0017] The preferred aspects and embodiments Will noW 
be described With reference to the attached draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0018] FIG. 1a is a cross section of a portion of a 
conventional binary photomask. 

[0019] FIG. 1b shoWs the electrical ?eld in the plane of 
the photomask for the photomask of FIG. 1a. 

[0020] FIG. 1c shoWs the light intensity at the surface of 
the photoresist for light projected through the photomask of 
FIG. 1a. 

[0021] FIG. 2a is a cross section of a portion of a 
conventional alternating phase shifting photomask. 

[0022] FIG. 2b shoWs the electrical ?eld in the plane of 
the photomask for the photomask of FIG. 2a. 

[0023] FIG. 2c shoWs the light intensity at the surface of 
the photoresist for light projected through the photomask of 
FIG. 2a. 

[0024] FIG. 3 illustrates phase assignment for a line-and 
space pattern using an alternating phase shifting mask. 

[0025] FIG. 4 illustrates phase con?ict for rectangular 
shapes arranged in a grid using an alternating phase shifting 
mask. 

[0026] FIG. 5 shoWs the electrical ?eld in the plane of the 
photomask When an unshifted region is immediately adja 
cent a shifted region. 

[0027] FIG. 6 illustrates a masked feature having an 
interior nonprinting WindoW surrounded by blocking mate 
rial. 

[0028] FIG. 7 shoWs successful phase assignment for 
rectangular shapes arranged in a grid pattern using nonprint 
ing interior alternating phase shifters. 

[0029] FIG. 8 shoWs a prior art phase shifting mask and 
the residual photoresist features created by it. 

[0030] FIG. 9 illustrates adjacent shifting areas separated 
by very thin, nonprinting transmitting areas according to a 
prior art photomask. 

[0031] FIG. 10a shoWs a photomask according to the 
present invention in plan vieW. 
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[0032] FIG. 10b shoWs a photomask according to the 
present invention in cross section. 

[0033] FIG. 10c shoWs the electrical ?eld in the plane of 
the photomask for the photomask of FIG. 9a. 

[0034] FIG. 10d shoWs the light intensity at the surface of 
the photoresist for light projected through the photomask of 
FIG. 9a. 

[0035] FIG. 106 shows, in cross section, residual photo 
resist features formed on the Wafer surface using the pho 
tomask of FIG. 9a. 

[0036] FIGS. 11a through 11d illustrate formation of a 
photomask having masked features With interior nonprinting 
WindoWs. 

[0037] FIGS. 12a through 12d illustrate formation of a 
photomask formed according to the present invention. 

[0038] FIGS. 13a and 13b shoW, in cross section, tWo 
projected photoresist features formed using the same pho 
tomask With different eXposure dose. 

[0039] 
tures. 

[0040] FIG. 15 shoWs a photomask according to the 
present invention in plan vieW. 

[0041] FIG. 16a shoWs, in plan vieW, a transmitting 
WindoW surrounded by a ?rst Width of unbroken transmit 
ting area according to the present invention. 

FIGS. 14a-14d shoW different illumination aper 

[0042] FIG. 16b shoWs, in plan vieW, a transmitting 
WindoW not surrounded by a ?rst Width of unbroken trans 
mitting area. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0043] One approach to alloW alternating phase shifting 
photomasks to be used to pattern a Wider variety of shapes 
is taught in Chen, US. patent application Ser. No. 10/728, 
436, ?led Dec. 5, 2003, hereinafter the ’436 application. The 
’436 application is the Work of the same inventor as the 
present invention, is oWned by the assignee of the present 
invention, and is hereby incorporated by reference. The 
present invention is an improved method to solve the same 
problem. 

[0044] The problem addressed by both the present inven 
tion and the ’436 application Will be described. 

[0045] The ’436 application used the term maskedfeature. 
A masked feature referred to a feature in a photomask, for 
eXample a line, a rectangle, or any other shape. A masked 
feature in a photomask substantially entirely or partially 
obscures light, so that When light is projected through the 
photomask, a corresponding feature in the photoresist is 
shielded from light, While the area outside of the obscured 
area is eXposed. This corresponding feature in photoresist 
Will be called a projected photoresist feature. The projected 
photoresist feature Will be roughly the same shape as the 
masked feature, though corners on projected photoresist 
features tend to be rounded. Typically a linear dimension in 
a masked feature is four or ?ve times the siZe of the 
corresponding dimension in the projected photoresist fea 
ture, depending on the stepper used. 
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[0046] In this description, a photomask feature Will refer 
to a feature in a photomask, Which may be a line, a rectangle, 
or any other shape. This is a broader term than masked 
feature, in that a photomask feature may not include any 
blocking material. Aphotomask feature in a photomask does 
not transmit suf?cient light for the corresponding area on the 
photoresist surface to be fully eXposed, and the Wafer 
surface beneath it Will not be eXposed after development of 
the photoresist. The area outside of the projection of the 
photomask feature is eXposed, creating a photoresist feature. 

[0047] Aphotoresist feature is a discrete feature formed by 
eXposing and developing photoresist. Such a photoresist 
feature is surrounded by eXposed Wafer surface after devel 
opment of photoresist. This term is broader than the term 
“projected photoresist feature” because it may be formed by 
projection, as is the case for a projected photoresist feature, 
or, as Will be seen, by residual photoresist features formed at 
phase transition boundaries. 

[0048] The simplest photomask is a binary photomask 10, 
shoWn in FIG. 1a. Aplate of a transmitting material 12, for 
example quartZ, makes up the bulk of the photomask. A 
blocking material 14, typically chromium, is formed in areas 
Where light is to be obscured. FIG. 1b shoWs the electrical 
?eld in the plane of the photomask. The electrical ?eld is 
either positive (1.0), non-existent (0), or negative (—1.0). 
Where light is transmitted it is in a ?rst phase, here referred 
to as Zero degree phase. Where light is blocked, there is no 
electrical ?eld. (In FIGS. 1b and 1c, the X-aXis is horiZontal 
position, corresponding With horiZontal position across the 
section of photomask shoWn in FIG. 1a.) 

[0049] FIG. 1c shoWs the actual intensity distribution of 
light at the photoresist surface. It Will be seen that, due to 
interference effects, the edges of lighter and darker areas are 
not perfectly de?ned, and even in the center of the obscured 
area, the light intensity at the photoresist surface is not Zero. 
(A value of Zero on the Y-aXis of FIG. 1c indicates Zero 
intensity. The value of 1.0 is unitless and arbitrarily 
assigned, and the other values assigned relative to it. This is 
a standard representation of image intensity, as Will be 
knoWn to those skilled in the art.) 

[0050] FIG. 2a illustrates a conventional alternating phase 
shifting photomask 16. This photomask is also made up of 
a plate of transmitting material 12, With regions of blocking 
material 14. In region 18, light is transmitted as in the binary 
mask. In region 20, hoWever, the transmitting material 12 is 
etched such that light passing through it is shifted 180 
degrees. An area of a photomask Which inverts the phase of 
incident light, such as transmitting area 12, Will be called a 
phase shifter. 

[0051] FIG. 2b shoWs the electrical ?eld in the plane of 
the photomask: Where light is transmitted With no phase 
shifting, it is in the ?rst phase, Zero degree phase. Where 
light is blocked, there is no electrical ?eld. Where light is 
transmitted With phase shifting, it is in 180 degree phase, 
opposite the ?rst phase. It Will be understood that While light 
in 180 degree phase is perfectly opposite light in Zero degree 
phase, some small deviation can be tolerated; for eXample 
light can be in 179 or 183 degree phase rather than 180 
degree phase and have substantially the same effect. For 
purposes of this description, Within ten degrees of 180 
degrees Will be considered to be substantially opposite Zero 
degrees. Similarly, Within ten degrees of Zero degrees Will be 
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considered to be substantially opposite 180 degrees. (In 
FIGS. 2b and 2c, the X-aXis is horiZontal position, corre 
sponding With horiZontal position across the section of 
photomask shoWn in FIG. 2a.) 

[0052] FIG. 2c shoWs the intensity distribution of light at 
the photoresist surface. While the electrical ?eld shoWn in 
FIGS. 1b and 2b can be either positive or negative, light 
intensity at the photoresist surface is only Zero or positive, 
since the eXposure intensity is proportional to the square of 
the electric ?eld. The transition from a positive to a negative 
electrical ?eld in the photomask creates a forced Zero of light 
intensity reaching the photoresist surface, effectively caus 
ing dark areas to appear “darker”, and making edges sharper. 

[0053] It Will be seen that for a conventional alternating 
phase shifting mask, opposite phases are used on opposite 
sides of an obscured region. Phase assignment—the process 
of determining Which phase is to be used in Which trans 
mitting area of the photomask—is straightforWard for some 
patterns, such as the alternating line-and-space pattern pic 
tured in FIG. 3. Zero degree phase is assigned to the left of 
line A, 180 degrees betWeen lines A and B, Zero degrees 
betWeen lines B and C, etc. 

[0054] Other patterns present dif?culties, hoWever. FIG. 4 
shoWs a photomask including rectangular masked features 
arranged in a grid pattern. Suppose all areas betWeen rect 
angles in roW A‘ and in roW B‘ are assigned to 180 degree 
phase, and all areas betWeen rectangles in roW B‘ and in roW 
C‘ are assigned to 0 degree phase. Suppose further that all 
areas betWeen rectangles in column A and in column B are 
assigned to 180 degree phase, and all areas betWeen rect 
angles in column B and in column C are assigned to 0 degree 
phase. 

[0055] It Will be seen that in framed areas marked With a 
question mark (“2”), either phase could be appropriate, 
depending on Whether the roW rule or the column rule is 
folloWed. If either phase is assigned, a region of Zero degree 
phase Will be immediately adjacent a region of 180 degree 
phase. In the transition from Zero degree phase to 180 degree 
phase, the electrical ?eld must pass through Zero, as shoWn 
in FIG. 5. (The X-aXis on this ?gure again corresponds to 
horiZontal position across the photomask.) Where the elec 
trical ?eld is Zero, the light intensity at the photoresist 
surface Will be Zero, unintentionally creating a region of 
uneXposed photoresist, leading to creation of a residual 
photoresist feature after development of the photoresist. In 
this case, the residual photoresist feature is unWanted. 

[0056] The ’436 application solved this problem by teach 
ing masked features like the one shoWn in FIG. 6, each 
including an interior nonprinting WindoW. For such a fea 
ture, light transmitted through the nonprinting WindoW 22 is 
in a ?rst phase, While light transmitted through a transmit 
ting area 24 outside the masked feature is in a second phase 
opposite the ?rst phase. For eXample, the WindoW may be a 
phase shifter, such that light transmitted through the masked 
feature is in 180 degree phase, While the transmitting area 24 
outside the WindoW 22 is in Zero degree phase. Alternatively, 
the WindoW 22 may transmit light in Zero degree phase, 
While the transmitting area outside the masked feature 24 is 
in 180 degree phase. The WindoW is described as “nonprint 
ing” because its dimensions are selected so that it Will not 
print, i.e. such that light transmitted through it Will not 
eXpose photoresist Within the perimeter of the corresponding 
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photoresist feature enough for the Wafer surface Within the 
feature to be exposed after development of photoresist. In 
the ’436 application, the interior nonprinting WindoW 22 Was 
substantially surrounded by blocking material 26. A block 
ing material is one that transmits 15 percent or less of 
incident light, for example chromium or molybdenum sili 
cide. 

[0057] Turning to FIG. 7, it Will be seen that masked 
features With interior nonprinting WindoWs, as taught in the 
’436 application, transmitting light in one phase inside the 
masked feature and light in an opposite phase outside the 
masked feature, can be printed With no phase con?ict. Each 
masked feature F of FIG. 7 includes a WindoW W, the 
WindoW W comprising a phase shifter. Thus the WindoWs W 
are assigned 180 degree phase. The transmitting area 34 
commonly and substantially entirely surrounding the 
masked features F is assigned Zero degree phase. Clearly the 
phases could be inverted if desired. 

[0058] The techniques of the ’436 application provide a 
poWerful tool to pattern very ?ne features. The photomask 
used in the ’436 application, hoWever, is relatively complex 
and expensive to make. The present invention uses similar 
concepts, but omits the surrounding blocking material 
(blocking material 26, shoWn in FIG. 6) used in the ’436 
application, resulting in a photomask Which is simpler and 
cheaper to make. 

[0059] It has been described that When a nonshifting area 
and a shifting area in a photomask are immediately adjacent, 
at the transition from Zero degree phase to 180 degree phase, 
the electrical ?eld must pass through Zero, as shoWn in FIG. 
5. The light intensity at the corresponding point on the 
photoresist surface is also Zero, so a residual photoresist 
feature remains on the Wafer surface after the photoresist is 
developed. 
[0060] Prior art chromeless phase edge techniques have 
made use of this residual photoresist feature. Turning to 
FIG. 8, a photomask is shoWn consisting of parallel lines, 
Where the lines are alternately shifting regions 30 and 
nonshifting regions 32, each having a Width 34. Such an 
arrangement is described in prior art Which is mentioned in 
Lee et al., U.S. Pat. No. 5,240,796. Each of the shifting and 
nonshifting regions is printing, exposing a corresponding 
area on the photoresist surface. FIG. 8 further shoWs, beloW 
the photomask in cross-section, the Wafer and photoresist 
surface after developing. It Will be seen that residual pho 
toresist lines 36 form on the Wafer surface 38 at the phase 
transition boundaries, creating patterned lines after etch. 
(Dotted lines relate the phase transition in the photomask 
With the resulting residual photoresist feature.) 

[0061] In other prior art, for example Chen et al., US. Pat. 
No. 6,482,555 (hereinafter the ’555 patent), several phase 
shifting WindoWs are placed in close proximity to each other, 
With no blocking material used, as in FIG. 5b or FIG. 7 of 
that patent, and as shoWn in FIG. 9. Turning to FIG. 9, the 
transmitting area betWeen the phase shifting areas 60 of the 
’555 patent has Width 62. This Width 62 is so small that the 
residual photoresist features created by adjacent shifting 
areas 60 merge, forming a single, large photoresist feature. 
Thus the transmitting area betWeen phase shifters is non 
printing. 
[0062] The present invention is a photomask comprising 
nonprinting transmitting WindoWs transmitting light in a ?rst 
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phase entirely surrounded by a printing transmitting area 
transmitting light in a second phase opposite the ?rst phase, 
With no blocking material intervening. The transition 
betWeen the phases causes a closed residual photoresist 
feature to be formed at the perimeter of such a nonprinting 
transmitting WindoW. The dimensions of the nonprinting 
transmitting WindoW are chosen such that opposite sides of 
the residual photoresist feature merge, so that, during normal 
use of the photomask, photoresist in the interior of the 
feature is not exposed suf?ciently to expose the Wafer 
surface after the photoresist is developed. A patterned fea 
ture can be created from each residual photoresist feature. 

[0063] To contrast With other photomasks mentioned 
herein: In the present invention, a photomask comprises 
shifting areas immediately adjacent to nonshifting areas, 
With no blocking material intervening (unlike the ’436 
application). In aspects of the present invention, either the 
shifting area or the nonshifting area is nonprinting, so that 
opposite sides of a single closed residual photoresist feature 
formed by the nonprinting area merge (unlike the alternating 
shifting and non-shifting stripe photomask described in Lee 
et al.). The nonprinting area is entirely surrounded by an area 
that is printing (unlike the ’555 patent.) and creates a 
photoresist feature that does not merge With an adjacent 
photoresist feature. FIG. 10a, for example, shoWs a plan 
vieW of a section of a photomask formed according to the 
present invention. The areas labeled 180° are shifting, While 
the area labeled 0° is nonshifting. Clearly, the phases could 
be inverted if desired. 

[0064] To summariZe, an examplary photomask according 
to the present invention comprises a transmitting nonprint 
ing WindoW transmitting light in a ?rst phase; and a trans 
mitting area substantially entirely surrounding and in contact 
With the transmitting WindoW on all sides With no blocking 
material intervening, Wherein the transmitting area transmits 
light in a second phase, the second phase substantially 
opposite the ?rst phase, and Wherein, When used to pattern 
photoresist, the transmitting area is printing on all sides of 
the transmitting WindoW. A transmitting WindoW is a con 
tinuous area of a photomask Which transmits light and 
includes no blocking material Which is surrounded on all 
sides by some other material. 

[0065] FIG. 10b shoWs the same section of photomask in 
cross section, the cross section taken along line L-L‘. Shift 
ing areas have been thinned to shift incident light by about 
180 degrees, While nonshifting areas do not shift incident 
light. No blocking material separates shifting areas from 
nonshifting areas. 

[0066] FIG. 10c shoWs the electric ?eld in the plane of the 
photomask, and FIG. 10d shoWs the light intensity at the 
photoresist surface. FIG. 10e illustrates (in cross-section) 
residual photoresist features formed on the Wafer surface 
after developing the photoresist. It Will be seen that, if the 
dimensions of the shifting area and the nonshifting areas are 
chosen appropriately, the opposite sides of a single residual 
photoresist features formed at the phase transition perimeter 
are so close together that they are in contact, and merge. 

[0067] Thus, using such a photomask, a patterned feature 
can be formed by transmitting light through a phase shifting 
photomask onto photoresist covering the Wafer surface; 
forming an isolated ?rst residual photoresist feature betWeen 
a ?rst Wafer area exposed to light in a ?rst phase and a 
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second Wafer area exposed to light in a second phase, 
Wherein the ?rst phase is substantially opposite the second 
phase, and Wherein the second Wafer area entirely surrounds 
the ?rst Wafer area in the plane of the Wafer; and forming the 
patterned feature from the photoresist feature. In this case 
the isolated ?rst photoresist feature de?nes a closed shape 
having a perimeter, and, after the developing step and before 
the etching step, no portion of the Wafer surface is exposed 
Within the perimeter. The photoresist feature is described as 
isolated because it is not merged With an adjacent photoresist 
feature. 

[0068] Such a photomask is relatively simple to make, 
compared to the photomask used in the ’436 application. 

[0069] The photomask of the ’436 application requires 
tWo patterning steps, one to pattern the blocking material, 
the second to etch the quartZ to form the shifting area. 
Turning to FIG. 11a, patterning begins With quartZ layer 40 
coated With a layer of blocking material (typically chro 
mium) 42. Photoresist 44 is deposited on chromium layer 
42, then patterned in the shape of the blocking material 
de?ning masked features With interior nonprinting WindoWs, 
like the photomask shoWn in FIG. 7. FIG. 11b shoWs the 
photomask after etch of chromium layer 42 and removal of 
photoresist. (It Will be noted that in cross-sectional ?gures 
representing patterning of a photomask, the photomask 
appears upside doWn relative to its presentation in ?gures 
representing the photomask in use; in FIG. 2a, for example, 
Where the blocking material appears beloW the photomask, 
as opposed to FIG. 11a, Where it is shoWn above. This 
represents the orientation of the photomask during these 
respective activities.) 
[0070] For the second patterning step, photoresist is again 
applied and patterned, this time exposing only the interior 
WindoWs of the masked features, as shoWn in FIG. 11c. An 
etch step thins quartZ layer 40, creating shifting areas 46, as 
shoWn in FIG. 11d, Which shoWs the completed photomask. 

[0071] Both photolithography steps performed to create 
the photomask of the ’436 application present challenges; 
the ?rst includes patterning of complex shapes, While the 
second requires precise alignment. 

[0072] Forming the photomask according in the present 
invention, for example the photomask shoWn in FIG. 10a, 
is signi?cantly simpler. Turning to FIG. 12a, patterning 
again begins With quartZ layer 40 coated With chromium 
layer 42. Photoresist 44 is deposited on chromium layer 42, 
then patterned to excavate rectangular holes in the photore 
sist. FIG. 12b shoWs patterned chromium remaining after 
the etch step. In this example, a continuous area of chro 
mium remains With rectangular holes etched in the chro 
mium, the surface of quartZ layer 40 exposed in the holes. A 
second etch step folloWs, in Which the remaining chromium 
42 serves as a hard mask While the quartZ layer 40 is etched 
to produce rectangular shifting areas 46 shoWn in FIG. 12c. 
FIG. 12d shoWs the completed photomask after the chro 
mium layer 42 has been stripped. 

[0073] Only a single, relatively simple patterning step is 
required to make this photomask. It Will be noted that none 
of chromium layer 42 remained in the completed photomask 
shoWn in FIG. 12d. It Was included in this description 
because standard photomask blanks as purchased normally 
include this layer. If quartZ or some other suitable photo 
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mask substrate With no chromium layer Was used as the 
starting point, then photoresist could be deposited directly 
on the quartZ, the photoresist patterned and the quartZ 
etched, Without the intermediate chromium etch. 

[0074] For clarity, an example has been provided of hoW 
to make a photomask according to the present invention. 
Many variations Will be readily apparent to those skilled in 
the art. This example described a photomask having shifting 
transmitting areas surrounded by a nonshifting transmitting 
area; clearly the phases could be inverted. Negative photo 
resist is also Well knoWn in the art. When developed, the 
exposed areas of negative photoresist remain, While the 
obscured areas are removed. For brevity, the present appli 
cation describes the use of positive photoresist. Those 
skilled in the art Will appreciate that negative photoresist 
could be used either in formation of the photomask or When 
patterning the Wafer surface. A regular rectangular pattern 
Was described; clearly other patterns can be envisioned. 

[0075] When describing dimensions in a photomask, it is 
usual to speak of those dimensions in terms of projected 
dimensions; i.e. rather than describing the actual siZe of a 
photomask feature in the photomask, one describes the siZe 
of the photomask feature multiplied by the stepper magni 
?cation. Stepper magni?cation is typically 4 or 5; i.e. a 
linear dimension of a chromium area in a photomask is 
typically about four or ?ve times larger than the siZe of the 
same feature as projected onto the photoresist surface. 

[0076] This description Will folloW this convention. A 
photomask feature dimension Will be described as “XS”, or 
multiplied by a projection scaling factor S. The projection 
scaling factor S is the stepper magni?cation. Suppose, for 
example, the stepper magni?cation and the projection scal 
ing factor is four. If the actual physical dimension of a 
photomask feature in a photomask is, for example, 1000 nm, 
the dimension of the photomask feature Will be described as 
250 nm><S. For a stepper magni?cation and projection 
scaling factor S of ?ve, and an actual physical dimension of 
1000 nm of a photomask feature Will be described as 200 
nm><S. 

[0077] Stepper magni?cation is determined by optics, and 
is the single most important factor controlling the relation 
ship betWeen the siZe of a photomask feature and the siZe of 
the resulting projected photoresist feature. It is not, hoWever, 
the only factor. As is Well knoWn in the art, varying exposure 
dose also changes the siZe of projected photoresist features. 
Longer exposure results in more light energy reaching the 
photoresist surface, and more thorough exposure of photo 
resist. When the photoresist is developed, more photoresist 
is removed; thus for larger exposure dose, dimensions of the 
eventual etched features are smaller. FIG. 13a and FIG. 
13b, for example, shoW projected photoresist features 47 
after development. The photoresist feature 47 of FIGS. 13a 
and 13b could be formed from the same photomask feature 
in the same photomask during separate photolithography 
operations. The narroWer photoresist feature 47 of FIG. 13b 
is created When a higher exposure dose is applied. 

[0078] It Will be recalled that in aspects of the present 
invention, residual photoresist features are formed using a 
photomask fabricated according to the present invention, 
having ?rst transmitting WindoWs transmitting light in a ?rst 
phase surrounded by a second transmitting area transmitting 
light in a second phase, the second phase substantially 












