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SYSTEM AND METHOD FOR DESIGNING SEMICONDUCTOR PHOTOMASKS 

TECHNICAL FIELD 

The present invention relates generally to photolithography and more particularly to 

designing photomasks. 

BACKGROUND ART 5 

Integrated circuits are now used in almost every type of electronic product ranging 

from toys to massive computers.  These integrated circuits are all generally made by a 

photolithographic process, which involves manufacturing a template containing patterns of 

the electrical circuit as transparent and opaque areas.  The patterned template is referred to as 

a “reticle” or “mask”. 10 

A radiation source, such as a light, is used to copy or “pattern” multiple images of the 

mask onto a photosensitive material, such as a photoresist, on the surface of a silicon wafer.  

Once features are patterned on the photoresist, further processing is performed to form 

various structures on the silicon wafer.  The completed wafer is then cut (or “diced”) to form 

the individual integrated circuits. 15 

In conventional industry practice, the masks are fabricated starting from an initial 

mask blank, which is transparent to the imaging light.  Typically, the mask blank consists of 

fused silica or quartz.  The mask blank is coated by an opaque film, typically a chromium 

based material.  The opaque film is also processed using another mask and a photoresist to 

create openings in the opaque film to expose and permit light to pass through the openings 20 

and through the transparent quartz. 

Unfortunately, small distortions can occur during patterning.  These small distortions 

are caused by optical interference between elements of the mask design, optical diffraction, 

and resist process effects.  Optical proximity correction (“OPC”) corrects these small 

distortions. 25 

OPC is a mask design enhancing procedure that corrects small distortions that occur 

during patterning.  These small distortions are caused by optical interference between 

elements of the mask design, optical diffraction, and resist process effects.  By applying 

modifications to compensate for the distortions, optical proximity correction produces slight 

SYSTEM AND METHOD FOR DESIGNING SEMICONDUCTOR
PHOTOMASKS  TECHNICAL FIELD The present invention relates generally
to photolithography and more particularly to  designing photomasks. 5
BACKGROUND ART Integrated circuits are now used in almost every type of
electronic product ranging  from toys to massive computers. These integrated
circuits are all generally made by a  photolithographic process, which
involves manufacturing a template containing patterns of  the electrical circuit
as transparent and opaque areas. The patterned template is referred to as
10 a "reticle" or "mast". A radiation source, such as a light, is used to copy or
"pattern" multiple images of the  mask onto a photosensitive material, such
as a photoresist, on the surface of a silicon wafer.  Once features are
patterned on the photoresist, further processing is performed to form  various
structures on the silicon wafer. The completed wafer is then cut (or "diced") to
form  15 the individual integrated circuits. In conventional industry practice,
the masks are fabricated starting from an initial  mask blank, which is
transparent to the imaging light. Typically, the mask blank consists of  fused
silica or quartz. The mask blank is coated by an opaque film, typically a
chromium  based material. The opaque film is also processed using another
mask and a photoresist to 20 create openings in the opaque film to expose
and permit light to pass through the openings  and through the transparent
quartz. Unfortunately, small distortions can occur during patterning. These
small distortions  are caused by optical interference between elements of the
mask design, optical diffraction,  and resist process effects. Optical proximity
correction ("OPC") corrects these small  25 distortions. OPC is a mask design
enhancing procedure that corrects small distortions that occur  during
patterning. These small distortions are caused by optical interference
between  elements of the mask design, optical diffraction, and resist process
effects. By applying  modifications to compensate for the distortions, optical
proximity correction produces slight  1 
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shape changes in the semiconductor design.  For example, if interference will cause a 

patterned line to be too short or too narrow, OPC will modify the designed line to be slightly 

longer or wider. 

Engineers typically use computer aided design (“CAD”) to create a schematic design 

of the mask.  In order to predict the image the mask will create on a photoresist, computer 5 

simulations of photoresist patterning are run during the OPC process. 

A computer simulation involves lengthy computations and, especially with 

complicated mask designs, takes a long time to complete.  After the simulation is complete, 

appropriate changes are made to the mask design, and another lengthy simulation is run.  This 

process is repeated until a penultimate mask design generates a desired photoresist image.  10 

OPC also sharpens the design, leading to the final mask design. 

However, sharpening of the design relies on proper fragmenting of the mask design.  

If the fragmenting is incorrect, the final mask design will be under-corrected or over-

corrected.  If this occurs, the OPC process must be run again and new fragmenting applied to 

the mask design. 15 

Unfortunately, the CAD procedures are lengthy, requiring days to complete.  In the 

modern marketplace, where advancements occur daily, such delays can cause significant loss 

of market share and revenue. 

Solutions to these problems have been long sought but prior developments have not 

taught or suggested any solutions and, thus, solutions to these problems have long eluded 20 

those skilled in the art. 

DISCLOSURE OF THE INVENTION 

The present invention provides a method for designing semiconductor photomasks.  A 

trial semiconductor photomask design having discontinuity points is provided, and each of 

the discontinuity points is treated as simulated light sources.  Simulated light from each of the 25 

simulated light sources is focused, and a composite image intensity of the focused simulated 

light is calculated to verify the trial semiconductor photomask design.  The trial 

semiconductor photomask design is sharpened.  A photomask design specification is 

generated for use in fabricating such a photomask. 

Certain embodiments of the invention have other advantages in addition to or in place 30 

of those mentioned above.  The advantages will become apparent to those skilled in the art 

shape changes in the semiconductor design. For example, if interference will
cause a  patterned line to be too short or too narrow, OPC will modify the
designed line to be slightly  longer or wider. Engineers typically use computer
aided design ("CAD") to create a schematic design  5 of the mask. In order to
predict the image the mask will create on a photoresist, computer
simulations of photoresist patterning are run during the OPC process. A
computer simulation involves lengthy computations and, especially with
complicated mask designs, takes a long time to complete. After the
simulation is complete,  appropriate changes are made to the mask design,
and another lengthy simulation is run. This 10 process is repeated until a
penultimate mask design generates a desired photoresist image.  OPC also
sharpens the design, leading to the final mask design. However, sharpening
of the design relies on proper fragmenting of the mask design.  If the
fragmenting is incorrect, the final mask design will be under-corrected or
over- corrected. If this occurs, the OPC process must be run again and new
fragmenting applied to  15 the mask design. Unfortunately, the CAD
procedures are lengthy, requiring days to complete. In the  modern
marketplace, where advancements occur daily, such delays can cause
significant loss  of market share and revenue. Solutions to these problems
have been long sought but prior developments have not  20 taught or
suggested any solutions and, thus, solutions to these problems have long
eluded  those skilled in the art. DISCLOSURE OF THE INVENTION The
present invention provides a method for designing semiconductor
photomasks. A  trial semiconductor photomask design having discontinuity
points is provided, and each of  25 the discontinuity points is treated as
simulated light sources. Simulated light from each of the simulated light
sources is focused, and a composite image intensity of the focused simulated
light is calculated to verify the trial semiconductor photomask design. The trial
semiconductor photomask design is sharpened. A photomask design
specification is  generated for use in fabricating such a photomask. 30
Certain embodiments of the invention have other advantages in addition to or
in place  
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from a reading of the following detailed description when taken with reference to the 

accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 (PRIOR ART) is a simplified schematic of a photolithographic system; 

FIG. 2 (PRIOR ART) is a simplified figurative computer simulation of near field 5 

photoresist patterning, where the patterns of interest can generally be described in one 

dimension; 

FIG. 3 is a simplified figurative computer simulation of non-near field photoresist 

patterning, where the patterns of interest can generally be described in one dimension, in 

accordance with an embodiment of the present invention; 10 

FIG. 4A is a graphical representation of transverse electric irradiance profiles 

corresponding to a trench in a mask; 

FIG. 4B is a graphical representation of transverse magnetic irradiance profiles 

corresponding to a trench in a mask; 

FIG. 5 is a simplified figurative simulation of 2D non-near field photoresist 15 

patterning, in accordance with an alternate embodiment of the present invention; 

FIG. 6 (PRIOR ART) is a conventional illustration of existing optical proximity 

correction methodology; 

FIG. 7 is a simplified illustration of vertex optical proximity correction, in accordance 

with an embodiment of the present invention; 20 

FIG. 8 is a block diagram of a system for designing semiconductor photomasks 

according to an embodiment of the present invention; and  

FIG. 9 is a flow chart of a method for designing semiconductor photomasks in 

accordance with an embodiment of the present invention. 

BEST MODE FOR CARRYING OUT THE INVENTION 25 

In the following description, numerous specific details are given to provide a thorough 

understanding of the invention.  However, it will be apparent that the invention may be 

practiced without these specific details.  In order to avoid obscuring the present invention, 

some well-known circuits, system configurations, and process steps are not disclosed in 

detail.  Likewise, the drawings are semi-diagrammatic and not to scale and, particularly, 30 

of those mentioned above. The advantages will become apparent to those
skilled in the art  2 from a reading of the following detailed description when
taken with reference to the  accompanying drawings. BRIEF DESCRIPTION
OF THE DRAWINGS FIG. 1 (PRIOR ART) is a simplified schematic of a
photolithographic system; 5 FIG. 2 (PRIOR ART) is a simplified figurative
computer simulation of near field  photoresist patterning, where the patterns
of interest can generally be described in one  dimension; FIG. 3 is a
simplified figurative computer simulation of non-near field photoresist
patterning, where the patterns of interest can generally be described in one
dimension, in  10 accordance with an embodiment of the present invention;
FIG. 4A is a graphical representation of transverse electric irradiance profiles
corresponding to a trench in a mask; FIG. 4B is a graphical representation of
transverse magnetic irradiance profiles  corresponding to a trench in a mask;
15 FIG. 5 is a simplified figurative simulation of 2D non-near field photoresist
patterning, in accordance with an alternate embodiment of the present
invention; FIG. 6 (PRIOR ART) is a conventional illustration of existing optical
proximity  correction methodology; FIG. 7 is a simplified illustration of vertex
optical proximity correction, in accordance  20 with an embodiment of the
present invention; FIG. 8 is a block diagram of a system for designing
semiconductor photomasks  according to an embodiment of the present
invention; and FIG. 9 is a flow chart of a method for designing semiconductor
photomasks in  accordance with an embodiment of the present invention. 25
BEST MODE FOR CARRYING OUT THE INVENTION In the following
description, numerous specific details are given to provide a thorough
understanding of the invention. However, it will be apparent that the invention
may be  practiced without these specific details. In order to avoid obscuring
the present invention,  
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some of the dimensions are for the clarity of presentation and are shown exaggerated in the 

FIGs. 

The term “horizontal” as used herein is defined as a plane parallel to the conventional 

plane or surface of the semiconductor wafer or die, regardless of its orientation.  The term 

“vertical” refers to a direction perpendicular to the horizontal as just defined.  Terms, such as 5 

“on”, “above”, “below”, “bottom”, “top”, “side” (as in “sidewall”), “higher”, “lower”, 

“upper”, “over”, and “under”, are defined with respect to the horizontal plane. 

The term “processing” as used herein includes deposition of material or photoresist, 

patterning, exposure, development, etching, cleaning, and/or removal of the material or 

photoresist as required in forming a described structure. 10 

The present system is described with respect to wavelengths in the ultra-violet range.  

However, it will be readily understood that the invention is applicable to any wavelength of 

radiation, and the modifications for other wavelengths will be obvious to those of ordinary 

skill in the art based on the description of the present invention provided herein. 

Referring now to FIG. 1 (PRIOR ART), therein is shown a simplified schematic of a 15 

photolithographic system 100.  In the photolithographic system 100, radiation is directed 

from a radiation source 102 through a photomask 104 and a lens 106 onto a semiconductor 

wafer 108, on which will be formed a plurality of integrated circuits when completed.  A 

photoresist layer 110 has been deposited on the semiconductor wafer 108. 

The photomask 104 includes a light-transparent substrate 114, of a material such as 20 

fused silica or quartz, with a patterned mask coating 116. 

The radiation source 102 can be a light that produces light 118 of a single wavelength, 

which the photomask 104 selectively allows through as patterned light 120 to be focused by 

the lens 106.  Focused patterned light 122 reproduces the mask pattern of the patterned mask 

coating 116 on selected areas of the photoresist layer 110. 25 

After exposure, the patterned photoresist layer 110 is used as a mask in a 

photolithographic process to form features or to implant regions on the semiconductor wafer 

108 or on various layers of material previously deposited or grown on the semiconductor 

wafer 108.  The goal in the photolithographic field is to keep reducing the size of such 

features and implant regions. 30 

Unfortunately, in photolithographic systems, even a geometrically perfect lens cannot 

separate two points below a minimum distance.  When the two points are less than this 

minimum distance from each other, they cannot be separated or “resolved”.  This is due to 

some well-known circuits, system configurations, and process steps are not
disclosed in 30 detail. Likewise, the drawings are semi-diagrammatic and not
to scale and, particularly,  3 some of the dimensions are for the clarity of
presentation and are shown exaggerated in the  FIGs. The term "horizontal"
as used herein is defined as a plane parallel to the conventional  plane or
surface of the semiconductor wafer or die, regardless of its orientation. The
term  5 "vertical" refers to a direction perpendicular to the horizontal as just
defined. Terms, such as "on", "above", "below", "bottom", "top", "side" (as in
"sidewall"), "higher", "lower",  "upper", "over", and "under", are defined with
respect to the horizontal plane. The term "processing" as used herein
includes deposition of material or photoresist,  patterning, exposure,
development, etching, cleaning, and/or removal of the material or  10
photoresist as required in forming a described structure. The present system
is described with respect to wavelengths in the ultra-violet range.  However, it
will be readily understood that the invention is applicable to any wavelength
of  radiation, and the modifications for other wavelengths will be obvious to
those of ordinary  skill in the art based on the description of the present
invention provided herein. 15 Referring now to FIG. 1 (PRIOR ART), therein
is shown a simplified schematic of a  photolithographic system 100. In the
photolithographic system 100, radiation is directed  from a radiation source
102 through a photomask 104 and a lens 106 onto a semiconductor  wafer
108, on which will be formed a plurality of integrated circuits when completed.
A  photoresist layer 110 has been deposited on the semiconductor wafer 108.
20 The photomask 104 includes a light-transparent substrate 114, of a
material such as  fused silica or quartz, with a patterned mask coating 116.
The radiation source 102 can be a light that produces light 118 of a single
wavelength,  which the photomask 104 selectively allows through as
patterned light 120 to be focused by  the lens 106. Focused patterned light
122 reproduces the mask pattern of the patterned mask  25 coating 116 on
selected areas of the photoresist layer 110. After exposure, the patterned
photoresist layer 110 is used as a mask in a  photolithographic process to
form features or to implant regions on the semiconductor wafer  
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diffraction and interference effects.  Diffraction effects, which are due to the wave nature of 

the light 118, cause peaks and valleys to occur in the intensity of the light 118 passing 

through an opening, such as an opening in the patterned mask coating 116, and falling on the 

photoresist layer 110 on the semiconductor wafer 108.  Interference effects occur with side-

by-side openings, where the peaks and valleys of the light waves can interfere so as to cancel 5 

each other out, or can reinforce and amplify each other, depending on the locations of the 

openings. 

Depending upon how close two points are, the diffraction effect spreads the light from 

these two points across the imaging lens.  If the two points are sufficiently close, the light 

will be diffracted out of the path of the lens.  In this case, the points will be too close to each 10 

other and they will be under the limit of resolution of the system.  The resolution of a non-

perfect lens depends upon the wavelength of the light source and the numerical aperture 

(“NA”) of the lens.  Two images are considered as being resolvable when the intensity 

between them drops to 80 percent of the image intensity.  Thus, two images are considered 

resolvable when the following equation is fulfilled: 15 

2D = 0.6 λ/NA 

where: 2D is the separation of the two images; 

λ is the wavelength of the radiation source 102; and 

NA is the numerical aperture of the lens 106. 

Interference and diffraction effects can cause small distortions to occur during 20 

photolithography.  These small distortions are caused by optical interference between 

elements of the mask design, optical diffraction, and resist process effects.  Optical proximity 

correction (“OPC”) corrects these small distortions. 

OPC is a mask design enhancing procedure that corrects small distortions that occur 

during patterning.  By applying modifications to compensate for the distortions, OPC 25 

produces slight shape changes in the semiconductor design.  For example, if interference will 

cause a patterned line to be too short or too narrow, OPC will modify the designed line to be 

slightly longer or wider. 

Engineers typically use computer aided design (“CAD”) to create a schematic design 

of the mask.  In order to predict the image the mask will create on a photoresist, computer 30 

simulations of photoresist patterning are run during the OPC process. 

Referring now to FIG 2 (PRIOR ART), therein is shown a simplified figurative 

computer simulation 200 of near field photoresist patterning, where the patterns of interest 

108 or on various layers of material previously deposited or grown on the
semiconductor  wafer 108. The goal in the photolithographic field is to keep
reducing the size of such  30 features and implant regions. Unfortunately, in
photolithographic systems, even a geometrically perfect lens cannot
separate two points below a minimum distance. When the two points are less
than this  minimum distance from each other, they cannot be separated or
"resolved". This is due to  4 diffraction and interference effects. Diffraction
effects, which are due to the wave nature of  the light 118, cause peaks and
valleys to occur in the intensity of the light 118 passing  through an opening,
such as an opening in the patterned mask coating 116, and falling on the
photoresist layer 110 on the semiconductor wafer 108. Interference effects
occur with side 5 by-side openings, where the peaks and valleys of the light
waves can interfere so as to cancel  each other out, or can reinforce and
amplify each other, depending on the locations of the  openings. Depending
upon how close two points are, the diffraction effect spreads the light from
these two points across the imaging lens. If the two points are sufficiently
close, the light  10 will be diffracted out of the path of the lens. In this case,
the points will be too close to each other and they will be under the limit of
resolution of the system. The resolution of a non- perfect lens depends upon
the wavelength of the light source and the numerical aperture  ("NA") of the
lens. Two images are considered as being resolvable when the intensity
between them drops to 80 percent of the image intensity. Thus, two images
are considered  15 resolvable when the following equation is fulfilled: 2D =
0.6 "/NA where: 2D is the separation of the two images; k is the wavelength
of the radiation source 102; and  NA is the numerical aperture of the lens
106. 20 Interference and diffraction effects can cause small distortions to
occur during  photolithography. These small distortions are caused by optical
interference between  elements of the mask design, optical diffraction, and
resist process effects. Optical proximity  correction ("OPC") corrects these
small distortions. 
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can generally be described in one dimension.  A simulated radiation source 202 produces 

simulated light 204.  The simulated light 204 is directed through a trial mask design 206 and 

a near field 208 is calculated. 

The near field 208 is located just below the trial mask design 206 and is calculated by 

solving coupled Maxwell’s equations: 5 
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Next, each point 209 in the near field 208 is treated as a radiation source, producing 

near field-originated light 210.  The near field-originated light 210 is directed through a 

simulated lens 212.  The simulated lens 212 focuses the near field-originated light 210, 

producing focused near field light 214.  The focused near field light 214 is directed onto a 10 

simulated photoresist layer 216 on a simulated semiconductor wafer 218.  Thus, a composite 

image intensity of the near field 208 on the simulated photoresist layer 216 is calculated by 

the equation: 

∑=′

fieldnear 
in P all

pfU  

where ƒ is the function describing the light intensity from each respective point (P) in the 15 

near field at the wafer surface (P’). 

Engineers then examine the results of the simulation, make design adjustments, and 

run another simulation.  Unfortunately, the simplified figurative computer simulation 200, 

involving near field calculations, takes a long time for even simple mask designs. 

Thus, near field photoresist patterning will be understood to refer to the simplified 20 

computer simulation 200 including calculating the composite image intensity of the simulated 

semiconductor wafer 218 by first calculating the near field 208 beneath the trial mask design 

206.  It is not meant to imply using the near field 208 to pattern the simulated photoresist 

layer 216 by putting the simulated semiconductor wafer 218 in the near field 208. 

Referring now to FIG. 3, therein is shown a simplified figurative computer simulation 25 

300 of non-near field photoresist patterning, where the patterns of interest can generally be 

described in one dimension, in accordance with an embodiment of the present invention.  The 

simplified figurative computer simulation 300 does not calculate the near field 208 (FIG. 2).  

Instead, as taught by the present invention, the mask simulation is achieved by treating each 

discontinuity point 302 (e.g., points A, B, C, and D) in a trial mask design 304 as a light 30 

OPC is a mask design enhancing procedure that corrects small distortions
that occur  25 during patterning. By applying modifications to compensate for
the distortions, OPC  produces slight shape changes in the semiconductor
design. For example, if interference will  cause a patterned line to be too
short or too narrow, OPC will modify the designed line to be  slightly longer or
wider. Engineers typically use computer aided design ("CAD") to create a
schematic design  30 of the mask. In order to predict the image the mask will
create on a photoresist, computer  simulations of photoresist patterning are
run during the OPC process. Referring now to FIG 2 (PRIOR ART), therein is
shown a simplified figurative  computer simulation 200 of near field
photoresist patterning, where the patterns of interest  5 can generally be
described in one dimension. A simulated radiation source 202 produces
simulated light 204. The simulated light 204 is directed through a trial mask
design 206 and  a near field 208 is calculated. The near field 208 is located
just below the trial mask design 206 and is calculated by  5 solving coupled
Maxwell's equations: VxH=aD+J at vxE=_aB at Next, each point 209 in the
near field 208 is treated as a radiation source, producing  near
field-originated light 210. The near field-originated light 210 is directed
through a  simulated lens 212. The simulated lens 212 focuses the near
field-originated light 210, 10 producing focused near field light 214. The
focused near field light 214 is directed onto a  simulated photoresist layer 216
on a simulated semiconductor wafer 218. Thus, a composite  image intensity
of the near field 208 on the simulated photoresist layer 216 is calculated by
the equation: U'= YfP all Pin  near field 
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source.  Simulated discontinuity light 306 is then directed through a simulated lens 308, 

producing focused discontinuity light 310.  The focused discontinuity light 310 is directed 

onto a simulated photoresist layer 312 on a simulated semiconductor wafer 314.  Thus, a 

composite image intensity of the discontinuity points 302 on the simulated photoresist layer 

312 is calculated by the equation: 5 

∑
=

=′
DC,B,A,P

pfU  

where ƒ is the function describing the light intensity from each discontinuity point 302 at the 

wafer surface (e.g. A’). 

The composite image intensity is examined to verify a target composite image 

intensity.  If the verification fails and the target composite image intensity does not match the 10 

composite image intensity, design adjustments are made and another simulation is run.  

However, this simulation, using only the discontinuity points 302, is much faster than 

simulations using near field calculations.  In trial simulations, for example, one embodiment 

of the present invention was several orders of magnitude faster than simulations using near 

field calculations with substantially the same accuracy.  This is a major and highly significant 15 

improvement over prior art near field photomask design technologies. 

Referring now to FIGs. 4A and 4B, therein are shown transverse electric (“TE”) 

irradiance (“IR”) profiles 400A and transverse magnetic (“TM”) irradiance profiles 400B 

respectively, corresponding to a trench in a mask.  The TE irradiance profiles 400A and TM 

irradiance profiles 400B were obtained using the following values: numerical aperture NA = 20 

0.25; partial coherence factor σ = 0; trench width = 0.045 µm; equivalent trench thickness = 

0.2 µm; and incident wavelength λ = 0.013417 µm. 

Tempest, a rigorous electromagnetic field simulator from the University of California 

at Berkeley using near field calculations, was used to calculate the TE irradiance profile 

400A and the TM irradiance profile 400B, shown as respective a dashed curves 402A and 25 

402B.  The near field was calculated at 0.05 µm below the mask.  The simulation period and 

grid interval used in the Tempest simulation were 1 µm and 0.0005 µm respectively.  The 

time taken to compute a single near field profile was 30 minutes on a Pentium 800 MHz 

computer. 

The present invention was then used to calculate the TE irradiance profile 400A and 30 

the TM irradiance profile 400B, shown as respective solid curves 404A and 404B.  The time 

taken to compute both the TE irradiance profile 400A and the TM irradiance profile 400B 

was 6 seconds on a Pentium 266 MHz computer.  Thus, the present invention is several 

15 where f is the function describing the light intensity from each respective
point (P) in the  near field at the wafer surface (P'). Engineers then examine
the results of the simulation, make design adjustments, and  run another
simulation. Unfortunately, the simplified figurative computer simulation 200,
involving near field calculations, takes a long time for even simple mask
designs. 20 Thus, near field photoresist patterning will be understood to refer
to the simplified  computer simulation 200 including calculating the composite
image intensity of the simulated  semiconductor wafer 218 by first calculating
the near field 208 beneath the trial mask design  206. It is not meant to imply
using the near field 208 to pattern the simulated photoresist  layer 216 by
putting the simulated semiconductor wafer 218 in the near field 208. 25
Referring now to FIG. 3, therein is shown a simplified figurative computer
simulation  300 of non-near field photoresist patterning, where the patterns of
interest can generally be  described in one dimension, in accordance with an
embodiment of the present invention. The  simplified figurative computer
simulation 300 does not calculate the near field 208 (FIG. 2).  Instead, as
taught by the present invention, the mask simulation is achieved by treating
each 30 discontinuity point 302 (e.g., points A, B, C, and D) in a trial mask
design 304 as a light  6 source. Simulated discontinuity light 306 is then
directed through a simulated lens 308,  producing focused discontinuity light
310. The focused discontinuity light 310 is directed  onto a simulated
photoresist layer 312 on a simulated semiconductor wafer 314. Thus, a
composite image intensity of the discontinuity points 302 on the simulated
photoresist layer  5 312 is calculated by the equation: U'= Y, fP P=A,B,C,D
where f is the function describing the light intensity from each discontinuity
point 302 at the  wafer surface (e.g. A'). The composite image intensity is
examined to verify a target composite image  10 intensity. If the verification
fails and the target composite image intensity does not match the  composite
image intensity, design adjustments are made and another simulation is run.
However, this simulation, using only the discontinuity points 302, is much
faster than  
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orders of magnitude faster while producing virtually the same results as simulations using 

near field calculations. 

Referring now to FIG. 5, therein is shown a simplified figurative simulation 500 of 

non-near field photoresist patterning, where the patterns of interest can generally be described 

in two dimensions, in accordance with an alternate embodiment of the present invention.  5 

Each discontinuity point 502 in a trial mask design 504 is treated as a light source.  The trial 

mask design may have homogeneous features 506 composed of a single material, or 

heterogeneous features 508 composed of multiple materials.  Simulated discontinuity light 

510 is directed through a simulated lens 512, producing focused discontinuity light 514.  The 

focused discontinuity light 514 is directed onto a simulated photoresist layer 516.  Thus, a 10 

composite image intensity of the discontinuity points 502 on the simulated photoresist layer 

516 is calculated by the equation: 

∑=′

points
itydiscontinu All

pfU  

where ƒ is the function describing the light intensity from each discontinuity point 502 at the 

wafer surface. 15 

The composite image intensity is examined to verify a target composite image 

intensity.  If the verification fails and the target composite image intensity does not match the 

composite image intensity, design adjustments are made and another simulation is run.  

However, this simulation is much faster than simulations using near field calculations. 

After engineers have completed design adjustments and simulations in the OPC 20 

process, a penultimate mask design then undergoes sharpening in the OPC process.  

However, sharpening relies on proper fragmenting of the mask design.  If the fragmenting is 

incorrect, the final mask design will be under-corrected or over-corrected.  If this occurs, the 

OPC process must be run again and new fragmenting applied to the mask design. 

Referring now to FIG. 6 (PRIOR ART), therein is shown a simplified illustration 600 25 

of an example of existing OPC methodology.  Current OPC methodology involves breaking a 

mask outline 602 at fragmented points 604 into edge fragments 606.  The edge fragments 606 

are then each displaced repeatedly in directions perpendicular to the respective edge 

fragments 606.  Thus, the solution obtained is dependent upon the positions of the fragmented 

points 604. 30 

simulations using near field calculations. In trial simulations, for example, one
embodiment  of the present invention was several orders of magnitude faster
than simulations using near 15 field calculations with substantially the same
accuracy. This is a major and highly significant  improvement over prior art
near field photomask design technologies. Referring now to FIGs. 4A and 4B,
therein are shown transverse electric ("TE")  irradiance ("IR") profiles 400A
and transverse magnetic ("TM") irradiance profiles 400B  respectively,
corresponding to a trench in a mask. The TE irradiance profiles 400A and TM
20 irradiance profiles 400B were obtained using the following values:
numerical aperture NA =  0.25; partial coherence factor c = 0; trench width =
0.045 m; equivalent trench thickness =  0.2 m; and incident wavelength k =
0.013417 m. Tempest, a rigorous electromagnetic field simulator from the
University of California  at Berkeley using near field calculations, was used to
calculate the TE irradiance profile  25 400A and the TM irradiance profile
400B, shown as respective a dashed curves 402A and 402B. The near field
was calculated at 0.05 m below the mask. The simulation period and  grid
interval used in the Tempest simulation were 1m and 0.0005 m respectively.
The  time taken to compute a single near field profile was 30 minutes on a
Pentium 800 MHz  computer. 30 The present invention was then used to
calculate the TE irradiance profile 400A and  the TM irradiance profile 400B,
shown as respective solid curves 404A and 404B. The time  taken to
compute both the TE irradiance profile 400A and the TM irradiance profile
400B  was 6 seconds on a Pentium 266 MHz computer. Thus, the present
invention is several  7 orders of magnitude faster while producing virtually the
same results as simulations using  near field calculations. Referring now to
FIG. 5, therein is shown a simplified figurative simulation 500 of  non-near
field photoresist patterning, where the patterns of interest can generally be
described  5 in two dimensions, in accordance with an alternate embodiment
of the present invention. Each discontinuity point 502 in a trial mask design
504 is treated as a light source. The trial  mask design may have
homogeneous features 506 composed of a single material, or
heterogeneous features 508 composed of multiple materials. Simulated
discontinuity light  
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To arrive at the solution, a cost function equal to the summation of edge placement 

error (“EPE”), defined as equal to the difference between the desired and the actual position 

of the printed pattern profile, calculated at fragment sites C1, C2, and C3, is defined as: 

∑= ii
EPEc  

Each edge fragment 606 is then moved to a respective position where its contribution 5 

to the cost function is a minimum.  The position of each edge fragment 606 is then updated 

until the cost function stabilizes. 

The final printed pattern obtained depends on how the mask outline is fragmented.  

Therefore, it is possible for the printed pattern to be under-corrected or over-corrected.  When 

this occurs, new fragmented points 604 must be selected and the calculations run again. 10 

Referring now to FIG. 7, therein is shown a simplified illustration 700 of vertex OPC, 

in accordance with an embodiment of the present invention.  Vertex OPC displaces mask 

vertices 702 instead of edge fragments 606 (FIG. 6 (PRIOR ART)).  Thus, the lengths of the 

edge fragments 704 become variable, and the mask vertices 702 are displaced repeatedly, in 

both x and y directions, until correct displacements are obtained. 15 

To obtain the correct displacements, irradiance constraints are defined such that the 

EPE at the points of concern C1, C2, C3, C4 and C5 is zero.  The required displacements of 

the mask vertices 702, satisfying the irradiance constraints, are calculated algebraically from 

a system of linear equations.  In order to solve the system of linear equations, the number of 

constraints must be equal to the number of independent variables.  In general, the constraints 20 

can be in any form.  For example, the constraint could be defined as: let the slope of the 

irradiance profile at C1 equal 0.8.  The position of each edge fragment 704 is then updated 

until irradiance constraints are satisfied. 

Optimum displacements are determined using vertex diffraction edge response 

(“VDER”).  VDER is derived by combining concepts contained in the geometrical theory of 25 

diffraction (“GTD”) and Hopkins’ theory of image formation.  Using VDER, the intensity at 

a target position t can be written as a function of the vertex positions: 

( ) ( ) ( )∑ ′′++′′+′′=′′
2

21 ,,,)( Nkkkk
rrVDERrrVDERrrVDERrI K  

When one of the vertices, br , is displaced about its original position, the new intensity 

at target t can be written as: 30 

( ) ( ) ∑ ∆+=′′∆+′′
2

kkk UUrIrI  

where ∑= bbk VDERU  

510 is directed through a simulated lens 512, producing focused discontinuity
light 514. The 10 focused discontinuity light 514 is directed onto a simulated
photoresist layer 516. Thus, a  composite image intensity of the discontinuity
points 502 on the simulated photoresist layer  516 is calculated by the
equation: U'= Y, f, All discontinuity  pmts where f is the function describing
the light intensity from each discontinuity point 502 at the  15 wafer surface.
The composite image intensity is examined to verify a target composite
image  intensity. If the verification fails and the target composite image
intensity does not match the  composite image intensity, design adjustments
are made and another simulation is run.  However, this simulation is much
faster than simulations using near field calculations. 20 After engineers have
completed design adjustments and simulations in the OPC  process, a
penultimate mask design then undergoes sharpening in the OPC process.
However, sharpening relies on proper fragmenting of the mask design. If the
fragmenting is  incorrect, the final mask design will be under-corrected or
over-corrected. If this occurs, the  OPC process must be run again and new
fragmenting applied to the mask design. 25 Referring now to FIG. 6 (PRIOR
ART), therein is shown a simplified illustration 600  of an example of existing
OPC methodology. Current OPC methodology involves breaking a  mask
outline 602 at fragmented points 604 into edge fragments 606. The edge
fragments 606  are then each displaced repeatedly in directions
perpendicular to the respective edge  fragments 606. Thus, the solution
obtained is dependent upon the positions of the fragmented  30 points 604. 8
To arrive at the solution, a cost function equal to the summation of edge
placement  error ("EPE"), defined as equal to the difference between the
desired and the actual position  of the printed pattern profile, calculated at
fragment sites Cl, C2, and C3, is defined as:  c=Y,.jEPE,j 5 Each edge
fragment 606 is then moved to a respective position where its contribution  
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Assuming kk UU ∆〉〉 , then, ignoring higher order terms, the intensity change I ′∆  can 

be expressed as: 

∑ ∆=′′∆ kkk UUrI 2)(  

If the vertex displacement is small, 

( ) bbkk rrrVDERU ∆•′′∇≈∆ ,  5 

If all the break points are displaced, 

( )∑ ∆•′′∇=∆ bbkbk rrrVDERU ,  

The intensity change is then given by: 

( ) ( )∑ ∑ ∆•′′∇=′′∆ bbkkkb
rrrVDERUrI ,2  

∑ ∆+∆= bbbbb yBxA  10 

where 

( )
∑

∂

′′∂
=

x

rrVDER
UA bk

kkb

,
2  

( )
∑

∂

′′∂
=

y

rrVDER
UB bk

kkb

,
2  

Given a total of N vertices, and assuming the vertices are displaced in such a way that 

the displaced vertices still form a Manhattan polygon when they are rejoined, there are only N 15 

independent displacement variables.  A “Manhattan polygon” is a convex polygon whose 

(nonempty set of) vertices lie on the integer lattice, and whose (possibly empty set of) edges 

each have a slope of {0, 1, -1, ∞}.  They are exactly integral bisubmodular polyhedra of 

dimension two.  Therefore, to solve for the required vertex displacements, N such equations 

are needed. 20 

Casting the system of equations in matrix formalism: 
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If the resist prints at a constant intensity threshold, then the required intensity change 

giving zero edge placement error is known.  The required vertex displacements can then be 

solved. 25 

to the cost function is a minimum. The position of each edge fragment 606 is
then updated  until the cost function stabilizes. The final printed pattern
obtained depends on how the mask outline is fragmented.  Therefore, it is
possible for the printed pattern to be under-corrected or over-corrected.
When  10 this occurs, new fragmented points 604 must be selected and the
calculations run again. Referring now to FIG. 7, therein is shown a simplified
illustration 700 of vertex OPC,  in accordance with an embodiment of the
present invention. Vertex OPC displaces mask  vertices 702 instead of edge
fragments 606 (FIG. 6 (PRIOR ART)). Thus, the lengths of the  edge
fragments 704 become variable, and the mask vertices 702 are displaced
repeatedly, in  15 both x and y directions, until correct displacements are
obtained. To obtain the correct displacements, irradiance constraints are
defined such that the  EPE at the points of concern Cl, C2, C3, C4 and C5 is
zero. The required displacements of  the mask vertices 702, satisfying the
irradiance constraints, are calculated algebraically from  a system of linear
equations. In order to solve the system of linear equations, the number of 20
constraints must be equal to the number of independent variables. In general,
the constraints  can be in any form. For example, the constraint could be
defined as: let the slope of the  irradiance profile at Cl equal 0.8. The position
of each edge fragment 704 is then updated  until irradiance constraints are
satisfied. Optimum displacements are determined using vertex diffraction
edge response  25 ("VDER"). VDER is derived by combining concepts
contained in the geometrical theory of  diffraction ("GTD") and Hopkins'
theory of image formation. Using VDER, the intensity at  a target position t
can be written as a function of the vertex positions: I'(Y) = k IVDERk (r', rl)+
VDERk (r', rZ l +... + VDERk (r', rN 2 When one of the vertices, rb , is
displaced about its original position, the new intensity  30 at target t can be
written as: I'(r') + Ai'(r') = 1] k KUk + AUk 12 where Uk = Y, bVDERb 9
Assuming Uk))AUk, then, ignoring higher order terms, the intensity change
AI' can  be expressed as: 
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In the vertex based OPC methodology, the final printed pattern is not dependent on 

where the mask outline 602 (FIG. 6(PRIOR ART)) is initially broken and there are greater 

degrees of freedom for correction.  Thus, the problem of under-correction or over-correction 

is avoided, saving time and resources. 

Referring now to FIG. 8, therein is shown a block diagram of a system for designing 5 

semiconductor photomasks 800 according to an embodiment of the present invention.  The 

system for designing semiconductor photomasks 800 is the result of the discovery that at 

times a single fundamental block can solve the problems presented but often there are seven 

fundamental blocks to solving the problems presented. 

The seven fundamental blocks are a treating block 802, a focusing block 804, a 10 

calculating block 806, a comparing block 807, an adjustment block 808, a repeating block 

810, and a sharpening block 812.  Each of the blocks can stand independently in the system 

for designing semiconductor photomasks 800, and within these blocks may be included 

various commercially available techniques, methodologies, processes, and approaches as well 

as the invention disclosed herein.  The six fundamental blocks are discussed in the 15 

approximate chronology that the blocks are used in the system for designing semiconductor 

photomasks 800. 

The system for designing semiconductor photomasks 800 includes various elements 

of commercially available production, design, and development semiconductor equipment 

and circuitry, which operate on and manipulate information and/or data, which are 20 

generically defined herein as “information”.  The system for designing semiconductor 

photomasks 800 receives information from a device 814, such as a semiconductor photomask 

design system.  The device 814 generates a trial semiconductor photomask design 816, 

having discontinuity points and/or mask vertices.  The system for designing semiconductor 

photomasks 800 provides a photomask design specification to a photomask manufacturing 25 

system 818 for storing, printing, or fabricating such a photomask. 

The trial semiconductor photomask design 816 can be anything from a full 

semiconductor chip pattern down to features and phase regions of an individual 

semiconductor device on a die.  The photomask manufacturing system 818 can be any 

technique, method, process, or approach for the production of one or more photomasks. 30 

In the treating block 802, each of the discontinuity points is treated as a simulated 

light source. 

AI'(r') = Y, k 2UkAUk If the vertex displacement is small,  5 AUk
=VVDERk(r',rb)Arb If all the break points are displaced,  AUk
=YbVVDERk(r,rb).Arb The intensity change is then given by:  AI'(r') _ b k
2UkV VDERk (r', rb)  Arb  10 bAbACb+I3bAYb  where a VDERk (r', rb )  Ab =
k2Uk ax Bb - k 2UaVDERk (r', rb )  k Cky Given a total of N vertices, and
assuming the vertices are displaced in such a way that  15 the displaced
vertices still form a Manhattan polygon when they are rejoined, there are only
N  independent displacement variables. A "Manhattan polygon" is a convex
polygon whose  (nonempty set of) vertices lie on the integer lattice, and
whose (possibly empty set of) edges  each have a slope of (0, 1, -1, o J.
They are exactly integral bisubmodular polyhedra of  dimension two.
Therefore, to solve for the required vertex displacements, N such equations
20 are needed. Casting the system of equations in matrix formalism: All B11
AIN BIN AX 1 AI1 AY1 A12  AKN `9NI BNI ... ANN BNN AYN AIN If the resist
prints at a constant intensity threshold, then the required intensity change
giving zero edge placement error is known. The required vertex
displacements can then be  25 solved. 10 
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Next, in the focusing block 804, a simulated lens focuses simulated light from the 

simulated light sources onto a simulated photoresist layer. 

In the calculating block 806, a composite image intensity of the focused simulated 

light on the simulated photoresist layer is calculated algebraically to create a penultimate 

semiconductor photomask design. 5 

In the comparing block 807, the composite image intensity, calculated in the 

calculating block 806, is compared to a target composite image intensity.  Thus, the 

composite image intensity is examined to verify a target composite image intensity. 

In the adjustment block 808, adjustments are made to the trial semiconductor 

photomask design 816 in response to the circuitry for comparing. 10 

In the repeating block 810, the treating block 802, the focusing block 804, the 

calculating block 806, the comparing block 807, and the adjustment block 808 are repeated 

until a target composite image intensity is achieved. 

Finally, in the sharpening block 812, the penultimate semiconductor photomask 

design is sharpened by moving the discontinuity points and/or mask vertices in x and y 15 

directions.  The sharpening generates the photomask design specification. 

Referring now to FIG. 9, therein is shown a flow chart of a method 900 for designing 

semiconductor photomasks in accordance with an embodiment of the present invention.  The 

method 900 includes providing a trial semiconductor photomask design having discontinuity 

points in a block 902; treating each of the discontinuity points as simulated light sources in a 20 

block 904; focusing simulated light from each of the simulated light sources in a block 906; 

calculating a composite image intensity of the focused simulated light to verify the trial 

semiconductor photomask design in a block 908; sharpening the semiconductor photomask 

design in a block 910; and generating a photomask design specification for use in fabricating 

such a photomask in a block 912. 25 

Thus, it has been discovered that the photomask designing method and apparatus of 

the present invention furnish important and heretofore unknown and unavailable solutions, 

capabilities, and functional advantages for designing photomasks.  The resulting processes 

and configurations are straightforward, economical, uncomplicated, highly versatile, 

accurate, sensitive, and effective, and can be implemented by adapting known components 30 

for ready manufacturing, application, and utilization. 

While the invention has been described in conjunction with a specific best mode, it is 

to be understood that many alternatives, modifications, and variations will be apparent to 

In the vertex based OPC methodology, the final printed pattern is not
dependent on  where the mask outline 602 (FIG. 6(PRIOR ART)) is initially
broken and there are greater  degrees of freedom for correction. Thus, the
problem of under-correction or over-correction  is avoided, saving time and
resources. 5 Referring now to FIG. 8, therein is shown a block diagram of a
system for designing  semiconductor photomasks 800 according to an
embodiment of the present invention. The  system for designing
semiconductor photomasks 800 is the result of the discovery that at  times a
single fundamental block can solve the problems presented but often there
are seven  fundamental blocks to solving the problems presented. 10 The
seven fundamental blocks are a treating block 802, a focusing block 804, a
calculating block 806, a comparing block 807, an adjustment block 808, a
repeating block  810, and a sharpening block 812. Each of the blocks can
stand independently in the system  for designing semiconductor photomasks
800, and within these blocks may be included  various commercially available
techniques, methodologies, processes, and approaches as well 15 as the
invention disclosed herein. The six fundamental blocks are discussed in the
approximate chronology that the blocks are used in the system for designing
semiconductor  photomasks 800. The system for designing semiconductor
photomasks 800 includes various elements  of commercially available
production, design, and development semiconductor equipment  20 and
circuitry, which operate on and manipulate information and/or data, which are
generically defined herein as "information". The system for designing
semiconductor  photomasks 800 receives information from a device 814,
such as a semiconductor photomask  design system. The device 814
generates a trial semiconductor photomask design 816,  having discontinuity
points and/or mask vertices. The system for designing semiconductor 25
photomasks 800 provides a photomask design specification to a photomask
manufacturing  system 818 for storing, printing, or fabricating such a
photomask. The trial semiconductor photomask design 816 can be anything
from a full  semiconductor chip pattern down to features and phase regions of
an individual  semiconductor device on a die. The photomask manufacturing
system 818 can be any 30 technique, method, process, or approach for the
production of one or more photomasks. 
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those skilled in the art in light of the aforegoing description.  Accordingly, it is intended to 

embrace all such alternatives, modifications, and variations which fall within the scope of the 

included claims.  All matters hithertofore set forth herein or shown in the accompanying 

drawings are to be interpreted in an illustrative and non-limiting sense. 

5 

In the treating block 802, each of the discontinuity points is treated as a
simulated  light source. 11 Next, in the focusing block 804, a simulated lens
focuses simulated light from the  simulated light sources onto a simulated
photoresist layer. In the calculating block 806, a composite image intensity of
the focused simulated  light on the simulated photoresist layer is calculated
algebraically to create a penultimate  5 semiconductor photomask design. In
the comparing block 807, the composite image intensity, calculated in the
calculating block 806, is compared to a target composite image intensity.
Thus, the  composite image intensity is examined to verify a target composite
image intensity. In the adjustment block 808, adjustments are made to the
trial semiconductor  10 photomask design 816 in response to the circuitry for
comparing. In the repeating block 810, the treating block 802, the focusing
block 804, the  calculating block 806, the comparing block 807, and the
adjustment block 808 are repeated  until a target composite image intensity is
achieved. Finally, in the sharpening block 812, the penultimate
semiconductor photomask  15 design is sharpened by moving the
discontinuity points and/or mask vertices in x and y  directions. The
sharpening generates the photomask design specification. Referring now to
FIG. 9, therein is shown a flow chart of a method 900 for designing
semiconductor photomasks in accordance with an embodiment of the present
invention. The  method 900 includes providing a trial semiconductor
photomask design having discontinuity 20 points in a block 902; treating each
of the discontinuity points as simulated light sources in a  block 904; focusing
simulated light from each of the simulated light sources in a block 906;
calculating a composite image intensity of the focused simulated light to
verify the trial  semiconductor photomask design in a block 908; sharpening
the semiconductor photomask  design in a block 910; and generating a
photomask design specification for use in fabricating  25 such a photomask in
a block 912. Thus, it has been discovered that the photomask designing
method and apparatus of  the present invention furnish important and
heretofore unknown and unavailable solutions,  
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THE INVENTION CLAIMED IS:  

1. A method (900) for designing semiconductor photomasks (104) comprising: 

providing a trial semiconductor photomask design (816) having discontinuity points 

(302); 

treating each of the discontinuity points (302) as simulated light sources (202); 5 

focusing simulated light (306) from each of the simulated light sources (302); 

calculating a composite image intensity of the focused simulated light (310) to verify 

the trial semiconductor photomask design (816); 

sharpening the trial semiconductor photomask design (816); and 

generating a photomask design specification (816) for use in fabricating such a 10 

photomask (304). 

2. The method (900) of claim 1 wherein: 

providing a trial semiconductor photomask design (816) having discontinuity points 

(302); and 

sharpening the trial semiconductor photomask design (816); 15 

further comprises: 

providing a trial semiconductor photomask design (816) having mask vertices (702); 

and 

sharpening the trial semiconductor photomask design (816) by moving the mask 

vertices (702). 20 

3. The method (900) of claim 1 wherein providing a trial semiconductor 

photomask design (816) having discontinuity points (302) further comprises providing a trial 

semiconductor photomask design (816) having a pattern described in at least two dimensions. 

4. The method (900) of claim 1 wherein calculating a composite image intensity 

of the focused simulated light (310) further comprises calculating a composite image 25 

intensity of the focused simulated light (310) to create a penultimate semiconductor 

photomask design (304). 

5. The method (900) of claim 1 wherein sharpening the trial semiconductor 

photomask design (816) further comprises sharpening the trial semiconductor photomask 

design (816) using vertex diffraction edge response. 30 

capabilities, and functional advantages for designing photomasks. The
resulting processes  and configurations are straightforward, economical,
uncomplicated, highly versatile, 30 accurate, sensitive, and effective, and can
be implemented by adapting known components  for ready manufacturing,
application, and utilization. While the invention has been described in
conjunction with a specific best mode, it is  to be understood that many
alternatives, modifications, and variations will be apparent to  12 those skilled
in the art in light of the aforegoing description. Accordingly, it is intended to
embrace all such alternatives, modifications, and variations which fall within
the scope of the  included claims. All matters hithertofore set forth herein or
shown in the accompanying  drawings are to be interpreted in an illustrative
and non-limiting sense. 5 13 THE INVENTION CLAIMED IS: 1. A method
(900) for designing semiconductor photomasks (104) comprising:  providing a
trial semiconductor photomask design (816) having discontinuity points
(302); 5 treating each of the discontinuity points (302) as simulated light
sources (202);  focusing simulated light (306) from each of the simulated light
sources (302);  calculating a composite image intensity of the focused
simulated light (310) to verify the trial semiconductor photomask design
(816);  sharpening the trial semiconductor photomask design (816); and 10
generating a photomask design specification (816) for use in fabricating such
a  photomask (304). 2. The method (900) of claim 1 wherein: providing a trial
semiconductor photomask design (816) having discontinuity points  (302);
and 15 sharpening the trial semiconductor photomask design (816);  further
comprises: providing a trial semiconductor photomask design (816) having
mask vertices (702);  
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6.  A method for designing semiconductor photomasks comprising:  

providing a trial semiconductor photomask design having discontinuity points; 

treating each of the discontinuity points as simulated light sources;  

focusing simulated light from each of the simulated light sources with a simulated 

lens onto a simulated photoresist layer;  5 

calculating a composite image intensity of the focused simulated light on the 

simulated photoresist layer;  

comparing the composite image intensity to a target composite image intensity; 

making adjustments to the trial semiconductor photomask design in response to the 

comparing;  10 

repeating treating, focusing, calculating, comparing, and making adjustments until the 

target composite image intensity is achieved;  

sharpening the trial semiconductor photomask design; and  

generating a photomask design specification for use in fabricating such a photomask.  

 15 

            7.  The method of claim 6 wherein:  

providing a trial semiconductor photomask design having discontinuity points; and 

sharpening the trial semiconductor photomask design;  

further comprises:  

providing a trial semiconductor photomask design having mask vertices; and 20 

sharpening the trial semiconductor photomask design by moving the mask vertices in 

x and y directions.  

 

8.  The method of claim 6 wherein providing a trial semiconductor photomask 

design having discontinuity points further comprises providing a trial semiconductor 25 

photomask design having a pattern described in at least two dimensions.  

 

            9.  The method of claim 6 wherein:  

calculating a composite image intensity of the focused simulated light on the 

simulated photoresist layer; and  30 

sharpening the trial semiconductor photomask design;  

further comprises;  

and sharpening the trial semiconductor photomask design (816) by moving
the mask  20 vertices (702). 3. The method (900) of claim 1 wherein
providing a trial semiconductor  photomask design (816) having discontinuity
points (302) further comprises providing a trial  semiconductor photomask
design (816) having a pattern described in at least two dimensions. 4. The
method (900) of claim 1 wherein calculating a composite image intensity  25
of the focused simulated light (310) further comprises calculating a composite
image  intensity of the focused simulated light (310) to create a penultimate
semiconductor  photomask design (304). 5. The method (900) of claim 1
wherein sharpening the trial semiconductor  photomask design (816) further
comprises sharpening the trial semiconductor photomask  30 design (816)
using vertex diffraction edge response. 14 6. A method for designing
semiconductor photomasks comprising:  providing a trial semiconductor
photomask design having discontinuity points;  treating each of the
discontinuity points as simulated light sources; focusing simulated light from
each of the simulated light sources with a simulated  5 lens onto a simulated
photoresist layer; calculating a composite image intensity of the focused
simulated light on the  simulated photoresist layer; comparing the composite
image intensity to a target composite image intensity;  making adjustments to
the trial semiconductor photomask design in response to the  10 comparing;
repeating treating, focusing, calculating, comparing, and making adjustments
until the  target composite image intensity is achieved; sharpening the trial
semiconductor photomask design; and generating a photomask design
specification for use in fabricating such a photomask.  15 7. The method of
claim 6 wherein: 
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calculating a composite image intensity of the focused simulated light on the 

simulated photoresist layer to create a penultimate semiconductor photomask 

design, and  

sharpening the penultimate semiconductor photomask design.  

 5 

10.  The method of claim 6 wherein sharpening the trial semiconductor photomask 

design further comprises applying optical proximity correction to the trial semiconductor 

photomask design using vertex diffraction edge response.  

 

11.  A system for designing semiconductor photomasks (800) comprising: 10 

a trial semiconductor photomask design (816) with discontinuity points (302); 

circuitry (814) for treating each of the discontinuity points (302) as simulated light 

sources (202); 

circuitry (814) for focusing simulated light (306) from each of the simulated light 

sources (302); 15 

circuitry (814) for calculating a composite image intensity of the focused simulated 

light (310) to verify the trial semiconductor photomask design (816); 

circuitry (814) for sharpening the semiconductor photomask design (816); and 

circuitry (814) for generating a photomask design (816) specification for use in 

fabricating such a photomask (304). 20 

12.  The system (800) of claim 11 wherein: 

the trial semiconductor photomask design (816) with discontinuity points (302); and 

the circuitry (814) for sharpening the trial semiconductor photomask design (816); 

further comprise: 

a trial semiconductor photomask design (816) having mask vertices (702); and 25 

circuitry (814) for sharpening the trial semiconductor photomask design (816) by 

moving the mask vertices (702). 

13.  The system (800) of claim 11 wherein the trial semiconductor photomask 

design (816) with discontinuity points (302) further comprises a trial semiconductor 

photomask design (816) having a pattern described in at least two dimensions. 30 

14. The system (800) of claim 11 wherein the circuitry (814) for calculating a 

composite image intensity of the focused simulated light (310) further comprises circuitry 

providing a trial semiconductor photomask design having discontinuity points;
and  sharpening the trial semiconductor photomask design; further
comprises: 20 providing a trial semiconductor photomask design having
mask vertices; and  sharpening the trial semiconductor photomask design by
moving the mask vertices in  x and y directions. 8. The method of claim 6
wherein providing a trial semiconductor photomask  25 design having
discontinuity points further comprises providing a trial semiconductor
photomask design having a pattern described in at least two dimensions. 9.
The method of claim 6 wherein: calculating a composite image intensity of
the focused simulated light on the  30 simulated photoresist layer; and
sharpening the trial semiconductor photomask design;  further comprises; 15
calculating a composite image intensity of the focused simulated light on the
simulated photoresist layer to create a penultimate semiconductor photomask
design, and sharpening the penultimate semiconductor photomask design.  5
10. The method of claim 6 wherein sharpening the trial semiconductor
photomask  design further comprises applying optical proximity correction to
the trial semiconductor  photomask design using vertex diffraction edge
response. 10 11. A system for designing semiconductor photomasks (800)
comprising:  a trial semiconductor photomask design (816) with discontinuity
points (302);  circuitry (814) for treating each of the discontinuity points (302)
as simulated light  sources (202); circuitry (814) for focusing simulated light
(306) from each of the simulated light  15 sources (302); circuitry (814) for
calculating a composite image intensity of the focused simulated  



 

 17 

(814) for calculating a composite image intensity of the focused simulated light (310) to 

create a penultimate semiconductor photomask design (304). 

15.  The system (800) of claim 11 wherein the circuitry (814) for sharpening the 

trial semiconductor photomask design (816) further comprises circuitry (814) for sharpening 

the trial semiconductor photomask design (816) using vertex diffraction edge response. 5 

 

 

light (310) to verify the trial semiconductor photomask design (816); circuitry
(814) for sharpening the semiconductor photomask design (816); and
circuitry (814) for generating a photomask design (816) specification for use
in  20 fabricating such a photomask (304). 12. The system (800) of claim 11
wherein: the trial semiconductor photomask design (816) with discontinuity
points (302); and  the circuitry (814) for sharpening the trial semiconductor
photomask design (816);  further comprise: 25 a trial semiconductor
photomask design (816) having mask vertices (702); and  circuitry (814) for
sharpening the trial semiconductor photomask design (816) by  moving the
mask vertices (702). 13. The system (800) of claim 11 wherein the trial
semiconductor photomask  design (816) with discontinuity points (302)
further comprises a trial semiconductor  30 photomask design (816) having a
pattern described in at least two dimensions. 14. The system (800) of claim
11 wherein the circuitry (814) for calculating a  composite image intensity of
the focused simulated light (310) further comprises circuitry  16 (814) for
calculating a composite image intensity of the focused simulated light (310) to
create a penultimate semiconductor photomask design (304). 15. The system
(800) of claim 11 wherein the circuitry (814) for sharpening the  trial
semiconductor photomask design (816) further comprises circuitry (814) for
sharpening  5 the trial semiconductor photomask design (816) using vertex
diffraction edge response. 17 


