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RESOLUTION ENHANCING TECHNOLOGY 
USING PHASE ASSIGNMENT BRIDGES 

FIELD OF THE INVENTION 

[0001] The present invention pertains to the ?eld of Reso 
lution Enhancing Technologies (RET) in photolithography. 
More particularly, this invention relates to generating 
bridges betWeen features and using the bridges to assign the 
features to particular phases. 

BACKGROUND OF THE INVENTION 

[0002] In photolithography, a design is transferred onto a 
surface by shining a light through a mask of the design onto 
a photosensitive material covering the surface. The light 
exposes the photo-sensitive material in the pattern of the 
mask. A chemical process etches aWay either the exposed 
material or the unexposed material, depending on the par 
ticular process that is being used. Another chemical process 
etches into the surface Wherever the photosensitive material 
Was removed. The result is the design itself, either imprinted 
into the surface Where the surface has been etched aWay, or 
protruding slightly from the surface as a result of the 
surrounding material having been etched aWay. 

[0003] Photolithography is used for a variety of purposes, 
such as manufacturing micro-mechanical devices and inte 
grated circuits (ICs). For ICs, a silicon Wafer goes through 
several iterations of imprinting a design on the Wafer, 
groWing a neW layer over the previously imprinted design, 
and imprinting another design on the neW layer. The differ 
ent designs on each layer interact electrically to form circuit 
components, such as transistors, transmission paths, and 
input/output pads. Typical IC layers include a diffusion 
layer, an active layer, a metal layer, a polygon layer, and one 
or more contact layers to electrically connect features on 
neighboring layers. 

[0004] Photolithography can make very small compo 
nents. Hugh numbers of small circuit components can ?t 
Within a given surface area. Current photolithography tech 
niques routinely ?t millions of circuit components onto a 
single chip. Market pressures, hoWever, continually drive for 
smaller components, higher density, and greater functional 

[0005] As the smallest feature dimension (the critical 
dimension) in a design nears or drops beloW the Wavelength 
of the light source used to project the design, the image no 
longer identically represents the shapes of the features in the 
design’s mask. For instance, the ends of lines are cut off, 
sharp corners are rounded, and features become increasingly 
interdependent, causing features “bleed” into each other or 
not resolve at all. An area of study called resolution enhanc 
ing technology (RET) is constantly in development to com 
pensate for these effects in near- or sub-Wavelength photo 
lithographic processes. 

[0006] Examples of RETs include sub-resolution assist 
features (SRAF s) and phase shift masks (PSM). SRAF s, also 
called scattering bars or simply assist features, take advan 
tage of the fact that densely packed edges actually resolve 
more sharply than isolated edges When dealing With near 
and sub-Wavelength feature dimensions. In Which case, an 
SRAF is a feature that is added to a mask near an existing 
feature to improve the resolution of the existing feature as if 

Jul. 7, 2005 

the existing feature Where in a densely packed area. SRAFs, 
hoWever, are so narroW that they do not appear in the imaged 
design—hence the name “sub-resolution.” 

[0007] PSM takes advantage of the interference charac 
teristics of light. Light that is polariZed in one direction (0° 
phase or phase I) does not interfere With light polariZed in 
the perpendicular, or opposite, direction (180° phase or 
phase II). In Which case, adjacent features can be assigned, 
or polariZed, to opposite phases in a phase mask to reduce 
their interdependence. PSM is also a double-exposure tech 
nique. A second mask is used in a second exposure of the 
same surface to “trim” very detailed features. In some 
implementations, features assigned to different phases are 
separated into separate masks for the double exposure. 

[0008] PSM phase assignment can provide excellent 
results in particularly troublesome areas. PSM, hoWever, is 
not usually applied to large areas or entire design layers 
because, in the complex areas Where PSM is usually needed, 
it is often very dif?cult to assign phases. For instance, 
features can be very complex polygons. They can loop back 
on themselves, or a number of them can be interWoven so 
that tWo polygons are adjacent in one area but are separated 
by one or more other polygons in another area. In either 
case, no matter What phase assignment is chosen, certain 
portions of polygons are likely to be adjacent to portions of 
polygons assigned to the same phase. In these complex 
situations, there usually is no clear, predictable approach to 
phase assignment, making PSM difficult, time consuming, 
and costly to apply. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0009] Examples of the present invention are illustrated in 
the accompanying draWings. The accompanying draWings, 
hoWever, do not limit the scope of the present invention. 
Similar references in the draWings indicate similar elements. 

[0010] FIGS. 1A, 1B, and 1C illustrate an intended con 
tact array and possible resulting images of the contact array. 

[0011] FIG. 2 demonstrates a How for one embodiment of 
the present invention. 

[0012] FIGS. 3 through 5D illustrate examples of feature 
arrays to Which the present invention is applied. 

[0013] FIG. 6 illustrates one embodiment of a hardWare 
system to implement the present invention. 

[0014] FIG. 7 illustrates one embodiment of a machine 
readable medium to store executable instructions to imple 
ment the present invention. 

DETAILED DESCRIPTION 

[0015] In the folloWing detailed description, numerous 
speci?c details are set forth in order to provide a thorough 
understanding of the present invention. HoWever, those 
skilled in the art Will understand that the present invention 
may be practiced Without these speci?c details, that the 
present invention is not limited to the depicted embodi 
ments, and that the present invention may be practiced in a 
variety of alternate embodiments. In other instances, Well 
knoWn methods, procedures, components, and circuits have 
not been described in detail. 

[0016] Parts of the description Will be presented using 
terminology commonly employed by those skilled in the art 



US 2005/0149901 A1 

to convey the substance of their Work to others skilled in the 
art. Also, parts of the description Will be presented in terms 
of operations performed through the execution of program 
ming instructions. As Well understood by those skilled in the 
art, these operations often take the form of electrical, mag 
netic, or optical signals capable of being stored, transferred, 
combined, and otherWise manipulated through, for instance, 
electrical components. 

[0017] Various operations Will be described as multiple 
discrete steps performed in turn in a manner that is helpful 
for understanding the present invention. HoWever, the order 
of description should not be construed as to imply that these 
operations are necessarily performed in the order they are 
presented, nor even order dependent. Lastly, repeated usage 
of the phrase “in one embodiment” does not necessarily 
refer to the same embodiment, although it may. 

[0018] The present invention is a resolution enhancing 
technology (RET) that de?nes relationships betWeen neigh 
boring photolithographic features so that the neighboring, or 
adjacent, features can be assigned to opposite phases. In one 
embodiment, the present invention enables efficient and cost 
effective phase-shift technology applied to an entire layer of 
an integrated circuit (IC) design. As discussed in more detail 
beloW, the present invention temporarily introduces 
“bridges” in a data structure representing a mask. The 
bridges connect neighboring features that are eXpected to 
resolve better if they are assigned to opposite phases. The 
relationships de?ned by the bridges can then be used to 
assign features at opposite ends of each bridge to opposite 
phase polariZations. 
[0019] One embodiment of the present invention is par 
ticularly suited to improving the resolution of contacts in 
contact layers of ICs. Contacts are often arranged in arrays 
having patterns that are predictable, at least to a certain 
eXtent. The present invention takes advantage of the pre 
dictability of these contact arrays to de?ne phase relation 
ships among the contacts. Other embodiments of the present 
invention can similarly improve the resolution of a variety of 
features having predictable shapes as Well as arrays of 
features having predictable patterns. 

[0020] In one embodiment, the present invention intro 
duces sub-resolution assist features, or scattering bars, prior 
to introducing the phase-assignment bridges. The scattering 
bars are connected With bridges to the previously existing 
features so that the scattering bars and the corresponding 
features are assigned to opposite phases. In other Words, this 
embodiment of the present invention combines the tWo 
separate technologies of scattering bars and phase assign 
ment. Assigning a phase to a scattering bar may seem 
counterintuitive at ?rst since a phase assignment is intended 
to improve resolution and scattering bars are not supposed to 
resolve. In fact, hoWever, assigning a scattering bar to a 
phase opposite that of the feature being assisted by the 
scattering bar improves the sharpness of the assisted feature 
more so than if the scattering bar Where not assigned to a 
different phase, and the scattering bar remains a sub-reso 
lution feature. 

[0021] FIG. 1A illustrates one embodiment of a contact 
array 110 comprising nine contacts 115. Contact array 110 
electrically connects a polygon layer 120 to a metal layer 
130. The contact array 110 is designed to provide a particular 
resistance betWeen the polygon layer 120 and the metal layer 
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130. In alternate embodiments, a contact array can be used 
to connect any of a variety of layers, not just a polygon layer 
to a metal layer. 

[0022] If the dimensions of each contact 115 and/or the 
spacing betWeen contacts 115 are near or beloW the Wave 
length of the light source used to image the contact array, 
contact array 110 may distort When imaged. For instance, if 
contacts 115 are small compared to the Wavelength and the 
spacing betWeen the contacts is small compared to the 
Wavelength, the contacts Will print larger than intended. For 
instance, as shoWn in FIG. 1B, the image could be a blob 
140. In Which case, the resistance of blob 140 may be too 
loW. 

[0023] Conversely, if contacts 115 are again small com 
pared to the Wavelength but the spacing betWeen the con 
tacts is large, the contacts Will print smaller than intended. 
For instance, as shoWn in FIG. 1C, each contact may only 
partially resolve into array 150. In Which case, the resistance 
of array 150 may be too high. It is possible that the contacts 
could fail completely to resolve, resulting in an open circuit 
betWeen polygon layer 120 and metal layer 130. 

[0024] In all three of these situations, phase assignment 
and possibly sub-resolution assist features could improve the 
resolution of the contact array. Contacts 115 could be 
manually assigned phases so that the closest neighbors to 
each contact has a different phase. A contact layer in a real 
chip, hoWever, may include thousands of contact arrays. The 
arrays may have a variety of contact patterns and densities. 
In Which case, manually assigning phases for so many 
contacts Would be impractical. 

[0025] Contact arrays tend to be at least partially predict 
able. For instance, contacts Within a particular contact layer 
are usually of uniform shape and siZe. The present invention 
takes advantage of this predictability to de?ne relationships 
among contacts on a global scale so that large numbers of 
contacts can be ef?ciently assigned to phases. 

[0026] FIG. 2 demonstrates the How of one embodiment 
of the present invention. In general, the present invention 
generates bridges betWeen closest neighbors. Features at 
opposite ends of each bridge are assigned to different phases. 
The illustrated embodiment includes a number of imple 
mentation speci?c details. Not all of the functions illustrated 
in FIG. 2 are needed in every embodiment. Some embodi 
ments may combine one or more of the illustrated functions, 
perform the functions in a different order, and/or include 
additional functions. 

[0027] Applying the How of FIG. 2 to contact array 110 of 
FIG. 1A, all of the edges of the contacts are ?rst classi?ed 
in block 205 based on the spacing separating the edges from 
neighboring edges. The goal is to locate the closest adjacent 
neighbors. In the illustrated embodiment, the edges are 
classi?ed as close, medium, or far edges. This can be done 
in any number of Ways. 

[0028] For instance, GDSII is a common data format used 
to represent design layouts. In GDSII, each polygon (con 
tacts 115 in this case) is represented by a set of vertices in 
an X-y plane. Since each contact 115 is a square, each contact 
is represented by four X-y vertices. Each edge, then, is 
represented by tWo X-y vertices. To determine the spacing 
for an edge, the edge can be projected perpendicularly aWay 
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from its polygon until an X-y coordinate is encountered that 
is occupied by another polygon. 

[0029] If an occupied coordinate is not found Within a 
prede?ned maximum spacing, the maXimum spacing is 
used. The maXimum spacing may depend on a number of 
factors and can be user de?ned. For instance, the interde 
pendence betWeen contact arrays is likely to be very small 
compared to the interdependence betWeen contacts Within an 
array because contact arrays are likely to be separated by a 
comparatively large distance. Therefore, the maXimum spac 
ing may be set someWhere betWeen the maXimum predicted 
spacing betWeen edges Within an array and the minimum 
predicted spacing betWeen arrays. 

[0030] Aperpendicular projection is likely to be adequate 
because perpendicular neighbors are predicted to be closer 
than diagonal neighbors in contact pattern 110. 

[0031] In block 210, all of the close edges are ?ltered out. 
The de?nition of a close edge is an edge With an existing 
neighbor that is close enough not to need an assist feature. 
Recall that densely packed edges resolve more sharply than 
isolated edges for near- or sub-Wavelength features. If tWo 
edges are suf?ciently close, they help each other resolve 
more sharply, and an assist feature is not needed. The actual 
distance for close spacing in a given layout is usually based 
on previously conducted models of similar layouts. Since a 
close edge is by de?nition close to a neighboring edge, close 
edges alWays come in pairs. 

[0032] In block 215, the space betWeen each pair of close 
edges is ?lled to form a bridge, BRIDGE 0. Filling in a 
bridge can be performed in any number of Ways. For 
instance, in GDSII format, each edge in a pair of close edges 
can perpendicularly project out to the opposite edge in the 
pair. Then, the vertices of the intersections of the projected 
edges form the bridge. Or, if a pair of close edges are 
aligned, the sets of vertices for each pair of close edges can 
just be taken directly to form a bridge. 

[0033] In block 230, the medium edges are ?ltered out. 
The de?nition of a medium edge is an edge separated from 
its neighbor such that an assist feature can be placed betWeen 
them. Again, the actual distance for medium spacing can be 
determined in any number of Ways, and is usually based on 
previous models. As With close edges, medium edges alWays 
come in pairs. 

[0034] In block 235, an assist feature, AF 1, is added in the 
middle of each pair of medium edges. Assist features can be 
formed in any number of Ways. In GDSII, they are usually 
formed by perpendicularly projecting an edge out to tWo 
particular distances and taking the vertices from each pro 
jected position. For a pair of medium edges in this embodi 
ment, the distances to Which an edge is projected are 
calculated to place the assist feature in the center of the 
distance separating the pair of edges. Once the assist feature 
is added, the tWo spaces betWeen each pair of medium edges 
and the centered assist feature are ?lled With tWo bridges, 
BRIDGE 1. 

[0035] In block 240, assist features, far_AF, are added for 
each far edge. Again, the de?nition of far and the position of 
far_AF assist features are usually based on previous models 
of similar systems. 

[0036] In block 245, the far_AF assist features are ?ltered 
to determine if any of them are too close to other features. 

Jul. 7, 2005 

Assist features usually are not alloWed to overlap. If they 
overlap, their combined siZe may be large enough for part of 
the assist features to resolve. So, to test closeness in GDSII, 
for eXample, each assist feature could be tested to see if it 
occupies any coordinates that are also occupied by another 
feature. 

[0037] Furthermore, features need to be separated by at 
least a minimum amount of space to prevent the features 
from bleeding into one another. The minimum spacing 
requirement is usually dependent upon the technology pro 
cess being used. To test closeness around far_AF assist 
features, perpendicular projections of individual edges Will 
usually not be suf?cient because features can be too close in 
a diagonal direction as Well as perpendicular. Therefore, one 
approach Would be to have the far_AF assist features groW 
proportionately in all four directions out to the minimum 
spacing requirement to see if any occupied coordinates are 
encountered. 

[0038] Far_AF assist features that overlap or are too close 
are handled in block 250. Assist features can be merged into 
larger features if the combined features Will not resolve. 
Most of the time, though, assist features are resiZed, or 
trimmed doWn, to achieve the minimum spacing. Assist 
features can only be trimmed to a certain eXtent, hoWever, 
because features have a minimum siZe requirement. The 
minimum siZe requirement, like the minimum spacing 
requirement, is usually dependent upon the technology 
process being used. In one embodiment, if a trimmed assist 
feature drops beloW the minimum siZe requirement, the 
feature is just deleted. Any number of rule-based approaches 
can be used to implement these manipulations, and prioritiZe 
Which features are manipulated and hoW. 

[0039] Testing for closeness is only done for far_AF assist 
features because close and medium edge spacings are pre 
dicted to not have closeness problems. That is, close and 
medium edge spacings de?ne edges Within a contact array. 
Since arrays are predictable to a certain eXtent, de?ning the 
relationships among internal edges is simpli?ed. Far edges, 
hoWever, are de?ned to be isolated edges around the perim 
eter of a contact array. If a contact array is not rectangular 
or square, far_AF assist features may be too close. A 
eXamples of this situation are illustrated and discussed 
beloW With respect FIGS. 4A and 4B. 

[0040] Referring again to block 250, any features that get 
merged and/or resiZed are re-labeled type AF2. Bridges, 
BRIDGE 2, are formed betWeen the far edges and any 
remaining AF2 assist features. In one embodiment, Where 
tWo far_AF assist features Were too close and only one assist 
feature remains, only one far edge Will receive a bridge. If 
tWo far_AF features Were too close and neither of them 
remains, the far edges are probably diagonally close, and a 
bridge is formed betWeen the diagonal edges. 

[0041] At this point, bridges have been formed for close 
edges, BRIDGE 0, medium edges, BRIDGE 1, and far edges 
that had assist features that Were too close, BRIDGE 2. 
Assist features have been formed betWeen medium edges, 
AF 1, assist features have been formed for far edges, far_AF, 
and assist features have been formed from far edges that 
Were too close to other features, AF2. 

[0042] In block 220, in order to accommodate the phase 
assignment algorithm described beloW, BRIDGE 0 bridges, 
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BRIDGE 1 bridges, and BRIDGE 2 bridges are all merged 
into a single bridge layer. That is, all the vertices from the 
three types of bridges are accumulated into a data structure. 
The bridge layer is merely a temporary design artifact. It 
does not represent any actual features that Will be added to 
a mask of the design. 

[0043] Furthermore, to accommodate the phase assign 
ment algorithm, the contacts and the assist features AF 1 and 
AF2 are all merged into a single target layer. That is, all the 
vertices from the three types of features are accumulated 
into a separate data structure. The target layer actually 
represents physical features that Will be added to a mask of 
the design. The assist features are too small to resolve When 
the mask is illuminated, but they are still actually part of the 
mask design. 

[0044] In block 225, a “coloring” algorithm is used to 
assign phases to each of the target features in the target layer. 
Any number of phase assignment algorithms can be used. 
Other embodiments may not need to separate target and 
bridge layers, and may instead distinguish betWeen features 
and bridges in any number of other Ways. In the illustrated 
embodiment hoWever, the algorithm operates on the target 
features in the target layer and uses the bridge layer to 
recogniZe the relationships de?ned by the bridges among the 
target features. The illustrated algorithm de?nes tWo 
states—unpolariZed features that pass incoherent light and 
polariZed features that pass phase I light. So, the algorithm 
assigns opposite states to features at opposite ends of each 
bridge. Then, any feature not assigned phase I by the 
coloring algorithm is assigned phase II in block 225. 

[0045] At this point, the only features that remain to be 
assigned a phase are the far_AF assist features. In block 255, 
bridges, labeled type Far_BRIDGE, are ?lled from the far 
edges to the remaining far_AF features. In block 260, any 
far_AF feature that connects to a contact assigned to phase 
I is assigned to phase II. And, all other far_AF features are 
assigned to phase I. 

[0046] Since all of the bridges Were ?lled from the contact 
edges out to assist features, contacts are practically guaran 
teed to be assigned a phase opposite that of any correspond 
ing assist features. There is a possibility, hoWever, that 
adjacent assist features corresponding to different contacts 
Will be assigned to the same phase since there are no bridges 
that eXtend from assist feature to assist feature. In other 
Words, the contacts are given higher priority in the phase 
assignment scheme due to the fact that bridges are ?lled 
from contacts to assist features. Other embodiments could 
give higher priority to assist features by ?lling bridges from 
assist features rather than from contacts, although it may be 
impractical to do so since the goal is to improve the 
resolution of the contacts. 

[0047] Depending on What is knoWn about the character 
istics of an array of features, alternate embodiments may be 
implemented in a variety of different Ways. For instance, 
rather than classifying edges into one of three classes, an 
alternate embodiment may recogniZe four or more classes. 
The additional class(es) could include a second intermediate 
spacing Where, for instance, tWo assist features are inserted. 
Alternately, the far class could insert tWo or more assist 
features rather than one. 

[0048] Another embodiment may only include tWo edge 
classes, such as close and far, close and medium, or medium 
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and far. Assuming assist features are not needed for a 
particular array of features, edges could be classi?ed as close 
or far, Where bridges are only ?lled for close edges and far 
edges are ignored. 

[0049] FIGS. 3 through 5D illustrate various embodi 
ments of the present invention applied to a number of feature 
patterns. In FIG. 3, siX contacts, each labeled With a “C”, are 
arranged in a rectangular pattern having tWo horiZontal roWs 
and three vertical columns. The tWo horiZontal roWs are 
farther apart than the three vertical columns. Aphase assign 
ment has been applied using three edge classes just as in the 
How described in FIG. 2. Each contact has four edges. 
Edges around the perimeter of the pattern are obviously 
classi?ed as far edges since no features are anyWhere in the 
vicinity of the pattern. Edges betWeen vertical columns are 
classi?ed as close edges. And, edges betWeen horiZontal 
roWs are classi?ed as medium edges. 

[0050] Going through the steps of FIG. 2, bridges, each 
labeled B, are ?lled directly betWeen each pair of close 
edges. Assist features, each labeled AF, are inserted in the 
center betWeen each pair of medium edges, and tWo bridges, 
B, are ?lled from each pair of medium edges to the centered 
assist feature. Each far edges also gets an assist feature, AF, 
and, since no assist features for far edges are too close to any 
other feature, a bridge is simply ?lled from each far edge to 
each corresponding assist feature. Then, features at opposite 
ends of bridges are assigned opposite phases, marked as 
either “1” or “2” in the ?gure. Going around the circle of 
closest neighbors for each contact, it is easy to see that each 
neighbor has an opposite phase. 

[0051] FIG. 4A illustrates another set of contacts, 410, 
420, and 430, that are in the middle of a phase assignment 
similar to that of FIG. 2. Contacts 410 and 430 have a pair 
of close edges, so a close bridge 415 ?lls in the space 
betWeen them. Contacts 410 and 420 have a pair of medium 
edges, so a pair of medium bridges 460 and an assist feature 
?ll in the space betWeen them. All the other edges are 
classi?ed as far and have far assist features. Note that tWo of 
the far assist features, 440 and 450, are too close. In fact, 
they overlap, forming a side-Ways, lopsided “T.” Left 
unchanged, the intersection of the overlapping assist fea 
tures could alloW enough light through to resolve, introduc 
ing an unWanted feature in the design. Moreover, the shape 
of the overlapping assist features may violate certain manu 
facturing constraints. That is, the dimensions of the short 
arm of assist feature 450 extending above feature 445 may 
be too small to create in a mask. 

[0052] FIG. 4B illustrates one solution. Assist feature 445 
Was trimmed back to provide at least a minimum separation 
betWeen it and feature 450. If the siZe of assist feature 445 
after trimming had been smaller than a minimum alloWable 
siZe, the feature Would have been deleted entirely. Once the 
bridges are de?ned, phase assignment can proceed as usual. 

[0053] FIG. 5A illustrates another common feature array 
pattern. The contacts 500 are rectangular rather than square. 
This type of array is common, for instance, in the contact 
layer forming dynamic random access memory (DRAM) 
cells. Aphase assignment approach similar to that described 
in FIG. 2 could be used With this array pattern as Well. 

[0054] For instance, With three edge classes (close, 
medium, and far) all of the edges along the perimeter of the 
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pattern are obviously far edges. The vertical edges of the 
contacts in the middle of the pattern that face out are also far 
edges because perpendicular projections of those vertical 
edges do not run into any neighboring features. Assuming 
that the horiZontal spacing betWeen contacts is de?ned to be 
close, all of the horiZontal internal edges are close edges. 
And, assuming that the perpendicular vertical spacing 
betWeen contacts is de?ned to be medium, all of the inWard 
facing vertical edges are medium edges. Examples of close, 
medium, and far edges are noted in FIG. 5A. 

[0055] The pattern comprises staggered columns of con 
tacts such that a contact’s closest neighbors are in neigh 
boring columns. That is, the space separating corners of 
contacts from one column to the next is closer than the space 
separating contacts Within a column. Therefore, the treat 
ment given to each edge class is different for the type of 
contact pattern shoWn in FIG. 5A than for the type of 
contact pattern addressed in FIG. 2. 

[0056] As shoWn in FIG. 5B, if the close edges are too 
close to add assist features, bridges 510 are ?lled betWeen 
pairs of close edges, not for phase assignment purposes, but 
instead to “merge” the contacts into strips. That is, before 
groWing phase assignment bridges, the spaces separating 
contacts in each vertical column are ?lled With bridges 510. 

[0057] Then, the vertical strips are treated as individual 
target features. Each strip has four edges. In one embodi 
ment, the original medium and far edge classi?cations are 
also merged such that an edge of a strip containing coordi 
nates of a medium contact edge is classi?ed a medium edge, 
and an edge of a strip containing coordinates of a far contact 
edge is classi?ed a far edge. In another embodiment, edges 
of strips are re-classi?ed after the strips are formed using, for 
instance, tWo classes—close and far. In either case, phase 
assignment bridges 520 are extended betWeen pairs of edges 
betWeen the strips. 

[0058] Using the phase assignment algorithm from FIG. 
2, the strips are provided to the phase assignment algorithm 
in a target layer and bridges 520 are provided in a bridge 
layer. In this case, both the target layer and the bridge layer 
are merely temporary design artifacts. Neither layer 
describes features that Will actually appear in the mask for 
the design. As shoWn in FIG. 5B, opposite phases are 
assigned to strips at opposite ends of bridges 520—phase I 
for the outer strips and phase II for the center strip. Then, 
contacts that Were merged into a particular strip in the target 
layer are assigned the same phase as the respective strip. In 
the illustrated embodiment, contacts assigned to phase II are 
cross-hatched. The other contacts are phase I. Once the 
phases have been assigned, it is easy to see that the circle of 
closest neighbors to each contact are assigned opposite 
phases. A similar approach could be used for staggered 
horiZontal roWs, as Well as for square contacts. 

[0059] As shoWn in FIG. 5C, if the close edges are far 
enough apart to add assist features, assist features 530 
(shoWn in solid black) are centered betWeen pairs of close 
edges. In the illustrated embodiment, far edges and medium 
edges do not receive assist features. Then, phase assignment 
bridges 540 can be ?lled out from each close edge and each 
medium edge. Once opposite phases have been assigned to 
features at opposite ends of bridges, every contact Will be 
assigned to the same phase (as shoWn by the cross-hatching) 
and every assist feature Will be assigned to the opposite 
phase. 
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[0060] In FIG. 5D, the rectangular assist features 530 
from FIG. 5C have been resiZed doWn to square assist 
features 550. Square assist features can be used anyWhere 
that rectangular assist features are used as long as the square 
assist features suf?ciently improve the resolution of the 
edges being assisted. For instance, it may be acceptable to 
use square assist features for the arrays described in FIGS. 
3, 4A, and 4B. Any number of approaches can be used to 
resiZe assist features. In one embodiment, both ends of a 
rectangular assist feature are trimmed an equal amount. 

[0061] As demonstrated by the above examples, edge 
classes and rules for treating each edge class can be devel 
oped for a Wide variety of predictable feature shapes and 
feature patterns. A variety of criteria in addition to spacing 
can also be used to classify edges. For instance, rather than, 
or in addition to, classifying edges as close, medium, and far 
in FIG. 5A, edges could be classi?ed as vertical and 
horiZontal, or as long and short. In either case, bridges could 
be extended out from every horiZontal edge, or every long 
edge, to merge vertical columns of contacts into strips. Then, 
phase-assignment bridges could be extended from every 
vertical edge of a strip, or every edge of a strip containing 
a short edge. 

[0062] FIG. 6 illustrates one embodiment of a hardWare 
system intended to represent a broad category of computer 
systems such as personal computers, Workstations, and/or 
embedded systems. In the illustrated embodiment, the hard 
Ware system includes processor 610 coupled to high speed 
bus 605, Which is coupled to input/output (I/O) bus 615 
through bus bridge 630. Temporary memory 620 is coupled 
to bus 605. Permanent memory 640 is coupled to bus 615. 
1/0 device(s) 650 is also coupled to bus 615. 1/0 device(s) 
650 may include a display device, a keyboard, one or more 
external netWork interfaces, etc. 

[0063] Certain embodiments may include additional com 
ponents, may not require all of the above components, or 
may combine one or more components. For instance, tem 
porary memory 620 may be on-chip With processor 610. 
Alternately, permanent memory 640 may be eliminated and 
temporary memory 620 may be replaced With an electrically 
erasable programmable read only memory (EEPROM), 
Wherein softWare routines are executed in place from the 
EEPROM. Some implementations may employ a single bus, 
to Which all of the components are coupled, or one or more 
additional buses and bus bridges to Which various additional 
components can be coupled. Those skilled in the art Will be 
familiar With a variety of alternate internal netWorks includ 
ing, for instance, an internal netWork based on a high speed 
system bus With a memory controller hub and an I/O 
controller hub. Additional components may include addi 
tional processors, a CD ROM drive, additional memories, 
and other peripheral components knoWn in the art. 

[0064] In one embodiment, the present invention, as 
described above, is implemented using one or more hard 
Ware systems such as the hardWare system of FIG. 6. Where 
more than one computer is used, the systems can be coupled 
to communicate over an external netWork, such as a local 

area netWork (LAN), an internet protocol (IP) netWork, etc. 
In one embodiment, the present invention is implemented as 
softWare routines executed by one or more execution units 
Within the computer(s). For a given computer, the softWare 
routines can be stored on a storage device, such as perma 
nent memory 640. 
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[0065] Alternately, as shown in FIG. 7, the software 
routines can be machine executable instructions 710 stored 
using any machine readable storage medium 720, such as a 
diskette, CD-ROM, magnetic tape, digital video or versatile 
disk (DVD), laser disk, ROM, Flash memory, etc. The series 
of instructions need not be stored locally, and could be 
received from a remote storage device, such as a server on 

a netWork, a CD ROM device, a ?oppy disk, etc., through, 
for instance, I/O device(s) 650 of FIG. 6. 

[0066] From Whatever source, the instructions may be 
copied from the storage device into temporary memory 620 
and then accessed and executed by processor 610. In one 
implementation, these softWare routines are Written in the C 
programming language. It is to be appreciated, hoWever, that 
these routines may be implemented in any of a Wide variety 
of programming languages. 

[0067] In alternate embodiments, the present invention is 
implemented in discrete hardWare or ?rmWare. For example, 
one or more application speci?c integrated circuits (ASICs) 
could be programmed With one or more of the above 
described functions of the present invention. In another 
example, one or more functions of the present invention 
could be implemented in one or more ASICs on additional 
circuit boards and the circuit boards could be inserted into 
the computer(s) described above. In another example, ?eld 
programmable gate arrays (FPGAs) or static programmable 
gate arrays (SPGA) could be used to implement one or more 
functions of the present invention. In yet another example, 
a combination of hardWare and softWare could be used to 
implement one or more functions of the present invention. 

[0068] Thus, phase assignment using bridges is described. 
Whereas many alterations and modi?cations of the present 
invention Will be comprehended by a person skilled in the art 
after having read the foregoing description, it is to be 
understood that the particular embodiments shoWn and 
described by Way of illustration are in no Way intended to be 
considered limiting. Therefore, references to details of par 
ticular embodiments are not intended to limit the scope of 
the claims. 

1. A method comprising: 

determining a spacing for each of a plurality of edges 
comprising one or more features in a photolithographic 
design, said plurality of edges having at least a partially 
predictable layout; 

generating a bridge structure for the plurality of edges 
based on the spacings and the predictable layout, each 
bridge of the bridge structure to connect one of the 
plurality of edges to an edge of a neighboring feature; 
and 

providing the features and the bridge structure for a phase 
assignment, said phase assignment to assign features at 
opposite ends of each of said bridges to opposite 
phases. 

2. The method of claim 1 Wherein generating the bridge 
structure comprises: 

categoriZing at least one pair of the plurality of edges as 
near edges; and 

?lling a space betWeen each pair of near edges With a 
bridge. 
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3. The method of claim 1 Wherein generating the bridge 
structure comprises: 

categoriZing at least one pair of the plurality of edges as 
medium edges; 

inserting a sub-resolution assist feature (SRAF) betWeen 
each pair of medium edges; and 

?lling a space betWeen each medium edge and its corre 
sponding SRAF With a bridge. 

4. The method of claim 1 Wherein generating the bridge 
structure comprises: 

categoriZing a set of the plurality of edges as far edges; 

inserting a sub-resolution assist feature (SRAF) for each 
far edge; and 

?lling a space extending from one or more of the set of far 
edges With a bridge. 

5. The method of claim 4 Wherein ?lling the space 
comprises: 

identifying any of the SRAFs that are Within a minimum 
separation distance from another feature; 

increasing a separation distance to at least the minimum 
separation distance for any identi?ed SRAFs by resiZ 
ing, merging, and/or deleting the identi?ed SRAFs as 
needed; 

adding a bridge betWeen any far edge and its correspond 
ing SRAF Where the corresponding SRAF still exists or 
Was merged; and 

adding a bridge betWeen any pair of far edges for Which 
both corresponding SRAFs Were deleted. 

6. The method of claim 1 Wherein generating the bridge 
structure comprises: 

introducing a sub-resolution assist feature (SRAF) for one 
of the plurality of edges having a particular spacing; 
and 

connecting one of the bridges of the bridge structure 
betWeen the edge having the particular spacing and the 
SRAF. 

7. The method of claim 6 Wherein generating the bridge 
structure further comprises: 

repeating the introducing and connecting for a plurality of 
additional edges having the particular spacing. 

8. The method of claim 6 Wherein the particular spacing 
is a ?rst particular spacing, and Wherein generating the 
bridge structure further comprises: 

repeating the introducing and connecting for a plurality of 
additional edges having a second particular spacing. 

9. The method of claim 1 Wherein generating the bridge 
structure comprises: 

introducing a plurality of sub-resolution assist features 
(SRAFs), Wherein particular ones of the neighboring 
features comprise the plurality of SRAFs. 

10. The method of claim 9 Wherein providing the features 
and the bridge structure comprises: 

merging the plurality of features and the plurality of 
SRAFs to a target layer for the phase assignment; and 

merging the bridge structure to a bridge layer for the 
phase assignment. 
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11. The method of claim 1 wherein the photolithographic 
design comprises a mask design for a contact layer of an 
integrated circuit design. 

12. The method of claim 1 Wherein the one or more 
features comprise one of a square feature, an array of square 
features, a rectangular feature, and an array of rectangular 
features. 

13. The method of claim 1 Wherein the bridge structure 
comprises a temporary design artifact representing an addi 
tional layer in an integrated circuit design. 

14. The method of claim 1 Wherein determining the 
spacing comprises: 

measuring each of the spacings as a projection perpen 
dicular from each of the plurality of edges to a neigh 
boring edge or to a maXimum projection distance. 

15. The method of claim 1 Wherein the one or more 
features comprise staggered sets of features having a shorter 
spacing betWeen neighboring features in neighboring stag 
gered sets than betWeen neighboring features Within each 
set, and Wherein generating the bridge structure comprises: 

merging each said staggered set into a strip feature; and 

?lling the bridges betWeen neighboring strip features. 
16. The method of claim 1 Wherein the spacing for each 

of the plurality of edges comprises at least one of a perpen 
dicular distance from a given edge, a length of a given edge, 
a horiZontal orientation of a given edge, and a vertical 
orientation of a given edge. 
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17. A method comprising: 

introducing a sub-resolution assist feature (SRAF) for an 
edge of a feature in a photolithographic design; 

generating a bridge for the feature to the SRAF, said 
bridge to de?ne a relationship betWeen the feature and 
the SRAF; and 

providing the feature, the SRAF, and the bridge for a 
phase assignment, said phase assignment to assign the 
feature and the SRAF to opposite phases based on the 
relationship de?ned by the bridge. 

18. The method of claim 17 Wherein the SRAF comprises 
a square SRAF. 

19. The method of claim 17 Wherein the SRAF comprises 
a rectangular SRAF, the method further comprising: 

resiZing the rectangular SRAF into a square SRAF. 

20. The method of claim 19 Wherein resiZing the rectan 
gular SRAF comprises: 

trimming both ends of the rectangular SRAF an equal 
amount. 

21-41. (canceled) 


