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Abstract—in this paper, we address the problem of identifying based on a particular technology (process) and determine the
and evaluating “critical features” in an integrated circuit (IC)  minimum size and spacing of all layers of the circuit geometry

layout. The “critical features” (e.g., nested elbows and open ends) i, 51 attempt to maximize yield, performance and reliability.
are areas in the layout that are more prone to defects during '

photolithography. As feature sizes become smaller (sub-micron 1N€ design rules are optimized to give a good general layout
range) and as the chip area becomes larger, new process techfrom a single set of rules, but are conservative and might not
niques (such as, using phase shifted masks for photolithography), give the most optimum design in all cases. However, to design
are being used. Under these conditions, the only means to designgnd fabricate compact circuits with good yield capabilities,

compact circuits with good yield capabilities is to bring the design . . .
and process phases of IC manufacturing closer. This can be designers or process engineers need to see the effects of certain

accomplished by integrating photolithography simulators with  1ayout features on manufactured silicon. This may be achieved
layout editors. However, evaluation of a large layout using a by bringing the design and process phases closer. For this
photolithography simulator is time consuming and often unnec- reason, there is a current interest in industry, as shown by the

essary. A much faster and efficient method would be to have a gejeg of workshops sponsored by SEMATECH [4], to explore
means of automatically identifying “critical features” in a layout '

and then evaluate the “critical features” using a photolithography the issues regarding integration of these two phases.

simulator. Our technique has potential for use either to evaluate ~ Such an integration can be accomplished by integrating
the limits of any new and nonconventional process technique process simulators with layout editors. When process sim-
in an early process definition phase or in a mask house, as ay|ators are integrated with layout editors, design rules will

postprocessor to improve the printing capability of a given mask. T . .
This paper presents a CAD tool (An Integrated CAD Framework) become only a guideline. Based on the expert information

which is built upon the layout editor, Magic, and the process Provided by the process simulators regarding the optical and
simulator, Depict 3.0, that automatically identifies and evaluates physical resolution of the feature, the design rules may be

“critical features.” altered where possible, in order to create more compact and
Index Terms—Critical features, photolithography, process sim- faster circuits. Such, a technique may be used in the mask
ulation. house, as a postprocessor to improve the printing capability of

a given mask, especially, for applications like DRAM cells. In
DRAM cell design, achieving a high level of compaction is
imperative and hence, fine tuning of the layout through a closer
A LARGE part of the phenomenal growth in semiconmterface of the design to the process phase is worthwhile.
ductor productivity in recent years has been the resulton the other hand, an integration of process simulators
of lithography improvements: smaller feature sizes, tightfith |ayout editors can also be used to evaluate the limits of
overlay and higher density chips [1]. As feature sizes becorggy new and nonconventional process technique, in the early
smaller (sub-micron range) and as the circuits become larggfacess definition phase. The process simulator will model the

new photolithography techniques (such as, using phase shiffRely process techniques and various layout features can be
masks [2], [3]), are being used. Under these conditions, df/ajuated under these new process conditions.
designers or process engineers are able to see the effects

of certain layout features on manufactured silicon, they can
better exploit the advantages provided by these new proces
techniques in terms of minimized printed linewidth. This paper presents the design and implementation
Traditionally, in a VLSI circuit design and fabrication(Section Il) of the Integrated CAD Framework [5] which
process, the design phase and the process phase are complé¥g@grates the design and process phases of IC fabrication
isolated. Circuit designers are given a set of design ruld®, providing a link between a layout editor (Magic [6]),
based on which they generate a layout. These design rulestggdiniques (such as, using phase shifted masks for pho-
_ _ _ _ tolithography), and a process simulator (Depict 3.0 from
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these areas after going through different process steps as
specified by the user (such as, exposure and development of

Mask and
. . K Imaging tool
the resist coated wafer). Next, it compares the image of the

mask after photolithographic simulation to the original mask

. . . « ” Substratc and
using pattern matching techniques. It uses a “degree of match Resist Layer
between these to determine acceptability of the mask under - Post-Exposure
the specified process conditions. The layout may be modified Bake

based upon this analysis. ,
The CAD Framework has been built as an extension &
existing CAD tools, that is Magic and Depict 3.0. New
modules have been added to Magic which identify “criticad fault, is a “critical area’—where, a fault is a defect which
features” in a layout database, translate the layout of thesmuses yield loss.
areas into a format understandable by Depict, and analyze th&here are several “critical features” that can be found in
output of Depict. An interface to these modules is providedLS| masks, each of which respond differently to scaling.
as new commands to Magic. Some typical examples of critical features are—‘nested el-
It should be noted that the Integrated CAD Framework h&sws,” “open ends,” “closely spaced parallel lines” and “arrays
been built using Magic and Depict 3.0 in order to illustrate thef contact holes,” [11]. In the case of “nested elbows,” as
techniques developed to identify and evaluate the “critical fethe linewidth decreases, the elbows tend to become rounded
tures.” However, the same techniques can also be implemerded there is bloating at the corners. This effect can be seen
using other layout editors or process simulators. in Figs. 10 and 11. Hence, if there are two elbows close to
Different application areas of such a CAD Framework hawgach other, there may be a short circuit near the corners. This
been studied and the results are presented in Section Ill. effect has also been discussed in [12]. In the case of “open
ends,” the ends tend to shrink and there is a shortening in line
length. This effect has been demonstrated in [13]. It arises
B. Issues Related to the Design of the due to finite bandwidth effects of various lithographic systems
Integrated CAD Framework which causes the so-called corner-rounding and if the corners

1) Critical Features in Masks:The “critical area” of a are close enough as in “open ends,” line shortening. In [13],
semiconductor device has been defined in literature [8], [9] t authors have developed an extended Hopkins-based model
“the portion of the active area that is susceptible to defect§at analytically predicts the line shortening error based on
i.e., the area within which the ocuurrence of a defect resultgowledge of the mask and process parameters.
in yield loss.” Now, the defects arising from the lithography Many lithography simulators, such as, Depict 3.0 cannot
process may be broadly classified as point defects or lihandle a large layout in a single simulation run. Also as
registration errors [10]. Point defects are caused by opadhe layout area to be simulated increases, the simulation
particles gathered on the surface of the mask or by transpariéme increases by a large amount. So, the Integrated CAD
spots in the opaque regions of the mask. These defects deperamework detects the “critical features” from a larger layout,
on the environment of the mask shop and is not a functiémd prepares the input for Depict for the critical feature and
of the process parameters. A line registration error is tisg@me surrounding area only, instead of the whole layout. In
error in the location of the edge of various regions in théis way, two goals are achieved. First, the entire layout is
IC structure and is dependent on various process paramet®s simulated, thus saving a lot of time. Second, “critical
such as, wavelength, numerical aperture of the lens, exposi@atures” in different contexts, depending on other features
dose, resist thickness, and others. Different features in thethe surrounding area, can be identified quickly.
layout will respond differently to different values of all these 2) Process SimulationThere are several process simula-
parameters. tors available, each of which model different parts of the IC

In the context of this paper, “critical features” refer to certaifabrication process. SPLAT [14], SAMPLE-3D [15], PRO-
geometries in the layout (such as, “nested elbows,” and “ope’H [16], FAIM [17], and Depict [7] are some of the
ends”), which, when printed using specified lithographic teclsommonly used optical projection lithography simulators. The
niques, will cause a line registration error greater than a certditegrated CAD Framework uses Depict 3.0. Depict belongs
acceptable limit (10% in the implementation described in thi® a suite of process simulators from TMA. Once the layout
paper). Such line registration errors, can cause a short circuitgiitor, Magic, is integrated with Depict, it can also be extended
a break which in turn results in yield loss. Similarly, “printabilto the other tools from TMA which will lead to other process
ity” refers to the ability of a specific process to print a certainptimizations. Fig. 1 shows a typical lithography simulation
“critical feature” without causing any line registration errorsflow.

The idea of “critical features” is distinct from the definition 3) Analysis of the Simulation Outpufthe Integrated CAD
of “critical areas” in [8], [9]. “Critical features” are circuit Framework analyzes the simulator output to determine an
geometries that are susceptible to defects (line registratiacceptance criteria for the mask considering the specified
errors) during lithography. On the other hand, the area of teet of process parameters. It uses Depict to calculate the
layout within which the occurrence of such a defect, makesderial intensity image of the mask and also to simulate

1. Typical lithography simulation flow.
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exposure and development of the photoresist. The Integrasdhulation, in order to avoid line registration errors during
CAD Framework compares the image of the mask aftéthography. The proposed method of identifying “critical
photolithographic simulation to the original mask using patteffieatures” and “printability” analysis will enable the designer
matching techniques [18], [19]. It uses the “degree of matclat process engineer to takectoser lookat certain areas in
between these to determine acceptability of the mask undee layout which are potential sources of problems and make
current process conditions. This issue is discussed in detailsure that those areas will print correctly, without any defects
Section 1I-B. related to the process itself. Hence, this technique may be
In this paper, we try to separate the three steps requingsed in the mask house, as a postprocessor to improve the
to handle “critical features”—1) quick detection of the “crit{printing capability of a given mask, specially for applications
ical features” during the conventional design rule checkirlike DRAM cell design where high level of compaction is the
process; 2) an analysis of the detected “critical featuregbal.
if the designer so desires; and 3) corrections based on the
analysis. This separation is done with the aim of detectin
the “critical features” as quickly as possible as well as giving: Related Work
the designer or process engineer the option of taking a closeDepict 4.0 from TMA [24] is a photolithography simulator
look at the “critical features” by providing an analysis othat lets the user analyze the printability of regions of an
the “critical features” based on specified process conditionistegrated circuit design by simulation of its aerial image
This type of analysis can be used to evaluate the limits ahd comparison with the original mask design. The nature
any new process technique (such as, phase shifting, off-aafshe analysis of the printability of a region in Depict 4.0, is
illuminations and others) by evaluating the “critical featureVery similar to the evaluation of the “critical features” in the
and their surrounding areas in the layout, under the ndwmtegrated CAD Framework.
process conditions. However, Depict 4.0 does not automatically identify “criti-
4) Application of Proposed Methods to Yield Improvemental features” in a layout. Instead, it relies on the user to define
Several design techniques have been proposed for many stdgesareas of interest which need to be analyzed. The automatic
of design development and synthesis for yield enhanceméthentification of the “critical features” in the Integrated CAD
[20], [21]. IC device parameters are very sensitive to unavoifframework is an extremely important step in printability
able variations in the manufacturing process parameters. Yieldalysis, especially for large layouts.
degradation due to these global process variations causing lindlso, Depict 4.0 can be easily integrated into the CAD
registration errors is known as parametric yield. In [10], theramework. As the identification and evaluation of “critical
manufacturing yield has been expressed as a product of fhatures” in a layout are done in two separate steps in the
probabilities that the analyzed IC does not contain shorts almdegrated CAD Framework (refer to Section Il), the CAD
breaks caused by point defects and line registration errofsamework can be used to identify the “critical features” and
Hence, a reduction of line registration errors is directly relatddepict 4.0 can then be used for printability analysis.
to improved yield.
The proposed techniqgue may be contrasted with some
existing tools developed for yield analysis of certain types II. IMPLEMENTATION
of defects, such as, VLASIC [22], YMAP [23], and [9]. The basic approach followed by the Integrated CAD Frame-
VLASIC is a Monte Carlo simulator that uses defect modeisork is as follows.
and statistics to place random catastrophic point defects on a
chip layout and determine what circuit faults, if any, have
occurred. This circuit fault information is used to predicf: Filter Module
yield and optimize design rules. In [9], the authors describe al) Detecting the “Critical Features”: The CIF (Caltech In-
system that computes “multilayer critical areas” for a range térmediate Format), GDS-II or Magic layout database is passed
defect sizes using a deterministic algorithm. This paper modétgough a Filter program which identifies the “critical features”
defects as square shaped objects and captures the effedh ¢fie layout. The current implementation of the Filter module
such a defect on several layers. YMAP [23] is another to¢fig. 2), identifies the following “critical features”: “nested
that deterministically calculates the “defect-sensitivity” andlbows” and “open ends.”
“critical area” of a given layout. The goal of such tools is The Magic technology specification file contains Condi-
to estimate the yield of a given layout based on an estimatitianal Design Rules to detect the “critical features.” These
of faults and “critical area,” in the presence of random poimtew rules are similar to the standard Magidge-based design
defects. rules [25]. The CDRC (Conditional Design Rules Checker)
On the other hand, this paper defines a method for improvibtpck identifies “critical features” based on these conditional
the parametric yield using a technique to avoid line registrationles following exactly the same algorithm as Magic uses
errors that arise when a particular “critical feature” gets printédr conventional design rule checking. The CDRC rules are
under certain process conditions. Unlike the yield analysipecified in such a way that the “open ends” identified as
tools mentioned above, the proposed method seeks to bringtical features” are only as wide as the minimum width
about a closer interaction between layout design and procedlewed by the technology specifications for that layer. Also,
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USER INPUT
P [ oRe i o
¢ ¢ |idesign rule checker] » o S :
: ‘ : CDRC - = I
+CONDITIONAL : H L e +  MAGIC LAYOUT
: DESIGN : ' {conditional DRC) MAGIC v (:mag)
L RULES .0 CRITICAL . :
TECHNOLOGY FILE E GEOMETRIES MODULES E
: DEPICT] - l :
i [INPUT [® s :
’“"""‘1 ................................................ H
RUN DEPICT ON
CRITICAL GEOMETRIES
=——————p Connections part of MAGIC ———> Connections part of “filter’
1 MAGIC modutes L1 Parsof filter
MAGIC technology S * Conditional design rules,
specifications ~ UUUUTUUTTYOMTY part of *filter’
Fig. 2. Integration of the filter module with Magic.
TABLE | T :
THE PARTS OF AN EDGE BASED RULE : 4
cornerTypes i B “—~ OKtypes
- : :
Paramecters Meaning .
typel Material on first side of edge
type2 Material on second side of edge
d Distance to check on second side of edge typesl . —— types2
allowed List of layers that are permitted
types within d units on second side of edge
corner List of layers in the top-left
types corner of the edge EDGE
corner Amount to extend constraint area Fig. 3. Application of an edge based rule.
extension when corner types match
error Error message to be printed
if this rule is violated (metall)
plane Plane on which to check the constraints a b
(Defaults to planc of typel and type2)
metall
(cornerTypes) c

o L OKTypes (space)
the “nested elbows” should be spaced by the minimum spac-

ing distance for that layer, in order to be identified as a metall space
“critical feature”. This is because, any extra margin in terms
of width (for both “nested elbows” and “open ends”) or
spacing between features (for “nested elbows”), will alleviate
EDGE

the problem of corner rounding described before. As an
example, identification of nested elbows by the CDRC blodkg. 4. Application of the rule to detect an elbow.
is explained below.

Magic Edge-based rulehave the parts shown in Table I.

Table | is interpreted as follows: whenever an edge has alhe identification of an elbow using the design rule checker
typel layer on its left andtype2 layer on its right, and the is explained in Fig. 4. Whenever an edge has a metall(m1)
corner (shown in Fig. 3) has eorner typeslayer, this rule layer on its left and space on its right, and tw@ner typeis
imposes the restriction that the area on the top right hantetall, then area B is checked to see if it is spadewed
corner of the edge can only have allowed typedayer. Here, type. If not, i.e. if area B has metall, it can be concluded that
typesrefer to different layers. the structure a-b-c-d-e-f is an elbow.
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RUN DEPICT ON A
CRITICAL GEOMETRY

2D Aerial Intensity image
1D Aerial Intensity Image along cutline
Exposed, developed, and etched structure along cutline

ANALYZER

ANALYSIS OF ETCHED STRUCTURE
TO GET INTENSITY THRESHOLD

L

APPLICATION OF INTENSITY THRESHOLD

TO 2D AERIAL INTENSITY IMAGE TO GET
BINARY AERIAL INTENSITY IMAGE

!

COMPARISION OF BINARY AERIAL
INTENSITY IMAGE WITH MASK

“match percentage"

L

CALCULATION OF THRESHOLD

APPLICATION OF THRESHOLD Threshold on
: ON MATCH PERCENTAGE | *match percentage” | O MATCH PERCENTAGE | ;
i i {not automated) :
"pass" / “fail"

Fig. 5. The Analyzer module.

M N
LMNO : Field
bE"‘c ABCD : Area on the mask that is to be printed
Hil P AD : linewidth
il g ct ]

aA = Aa’ = 5% of AD
abcdd'c’b’'a’ : Area constituting

-10% to +10% of variation
in linewidth

a ga' d’i .d
A D

L (o)

Fig. 6. Determination of threshold on “match percentage” Algorithm 1.

The CDRC block next checks for the presence of another3) Running Depict: The layout for the “critical feature” is
elbow in the vicinity (within a minimum distance). If it then automatically converted to Depict input format using the
finds another, it knows that a pair of nested elbows hawew depict inputmodule, which has been added to Magic.
been found. Input for Depict for any part of the layout can also be created

Magic’s design rule checker has the limitation of being ablgsing a new command that has been added to Magic. This
to express constraints that depend upon a limited amountapition can be used if the designer feels that a certain portion
local context. However, Magic represents layout usingner of the layout needs to be simulated using Depict, even though
stitching—that is, each tile in the Magic representation of thi is not marked by the Filter as a “critical feature”. Depict can
layout has pointers to tiles adjacent to it. Hence, once an elbtven be run from within Magic using another new command.
is detected, it is possible to check neighboring tiles to see if
another elbow exists in the vicinity.

2) Invoking the Filter: The Filter module is invoked from B- Analyzer Module
Magic using the design rule checking command of Magic or asThe Analyzer module evaluates the simulator outputs (using
a part of Magic’s continuous background design rule checkgattern matching techniques) and decides whether the printed
If a “critical feature” is found, Magic places a label at thdayout will match the designed mask for a particular set of
point where the “critical feature” is detected. The new labg@rocess parameters. Fig. 5 shows the various steps that take
contains the coordinates of the point and the cell name. place within the Analyzer, for each “critical feature,” that the
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N LMNO : Field M N

ABCD : Area on the mask that is to be printed

AD : linewidth b c
Aa = 5% of AD P

abcd : Target area , i.e the minimum area
that should be printed, such that

a ‘pass’ can be declared.
area(abcd) = 90% of area(ABCD)

|:| : Actual printed area

L
o :Non overlap between the printed area A D
and the target area
@ (b)
Fig. 7. Determination of “match percentage”: Algorithm 2.
mux_tiny
14 0

barrel

Fig. 8. The layout (routing) evaluated by the framework.

user asks to be analyzed. The following process simulatiostsucture along the cutline AAin Fig. 10(a) is exposed,
are done on the ‘critical features’ developed and etched for specified process parameters. This
1) Simulation Using Depict:A  two-dimensional (2-D) etched structure can be seen in Fig. 10(c).
aerial intensity image of the mask is generated. A one-2) Binary Aerial Intensity and Binary MaskThe  etched
dimensional (1-D) aerial intensity image of the mask istructure is analyzed to determine the intensity (“threshold
generated along a partial cutline through the 2-D maskitensity”) up to which successful printing occurs. The
The photoresist structure along the same cutline is expos@tireshold intensity” is calculated in two steps as follows.
developed and etched for specified process parameters. 1) The etched structure is analyzed to calculate the width
This step can be better understood by referring to Fig. 10.  of the cleared photoresist (for positive photoresist) or
Fig. 10(a) shows the 2-D aerial intensity, which is a two the remaining photoresist (for negative resists) across a
dimensional plot of the aerial intensity image of the entire single line.
“critical area” that is being analyzed. One-dimensional inten- 2) This width is used along with the 1-D aerial intensity
sity is the plot of the intensity of the radiation at the wafer image across the same line to determine the minimum
versus distance along the cutline labeled as &AFig. 10(a). intensity value over the clear region, which is the
The 1-D intensity plot is seen in Fig. 10(b). The photoresist  “threshold intensity.”
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Again, referring to Fig. 10, the calculation of the “threshold
intensity” may be viewed as follows—the profile of the etched
structure [Fig. 10(c)] is placed over the 1-D intensity plot
along the same cutline AA[Fig. 10(b)] to determine the
minimum intensity value across the width of the printed line.
Thus the “threshold intensity” is the minimum intensity value
at the wafer which will result in a print.

This threshold is applied to the 2-D aerial intensity image
[Fig. 10(a)] to get the binary aerial intensity image. All points
on the 2-D aerial intensity image that have an intensity value
above the threshold are marked “1” and those below are
marked “0.” The resulting binary aerial intensity image can be
seen in Fig. 10(d). Also, a binary image of the mask is obtained
[Fig. 10(e)] by marking all points inside the mask elements as
“1” and all points outside as “0.” The binary aerial intensity
and the binary mask are then compared to find a percentage
of match between the two. If the “match percentage” is above
a threshold, the Analyzer declares that the mask “passes” the
analysis.

The designer can make some corrections to the original

layout based upon this analysis, and the above steps canFiBgagl
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The layout (part of the metal layer from a D flip-flop cell) evaluated

repeated until the simulator and the designer find that tBg the framework.

layout is acceptable.

3) Determination of “Match Percentage”The Analyzer
assumes that a 10% variation in linewidth may be allowed
due to inaccuracies in the photolithography process. Ideally,
the matching algorithm should perform a “walk” along the
center of each printed (simulated) feature, and mark it as
“pass” only if the linewidth of the feature is not less than 90%
of the desired linewidth, along its entire length. However, this

a “pass”. Hence, the “threshold that should be applied
to the match percentage” to determine a “pass” or “fail”
is calculated as
((area(LMNO) — arca(abedd' d'Va'))
Jarea(LM N O)) * 100%.

sort of an analysis would be extremely computation intensiv&lgorithm 2: A matching algorithm allowing a 10% vari-
requiring more than one access of each element in the matiton in linewidth

containing the binary aerial intensity image and the binary 1)
mask. So, the matching algorithms have been simplified with
the aim that the matching routines should access each element
of these two matrices only once, but at the same time the loss
in accuracy is minimized.

Algorithm 1: Exclusive-or over the entire area

1) A simple exclusive-or is performed between the binary
aerial intensity image and the binary mask to determine 2)
the “match percentage.” Depict calculates the aerial
intensity image at 2500 grid points on the mask. Let

z be the number of grid points at which the value 3)
of the binary aerial intensity image and the binary
mask are the same. The amount of agreement can
be calculated as: theatch percentage= (x/2500)

100%.

The determination of threshold on the “match percent-
age” is explained with the help of Fig. 6 (not drawn

to scale). A-B-C-D is the area on the mask that is
to be printed, and a-b-c-d-d’-b’-a is the area which
constitutes a 10% variation in linewidth. Hence, when 4)
performing the exclusive-or in the previous step, one can
ignore the area a-b-c-d-¢’-b’-d. That is, if there is a
match between the binary aerial intensity image and the
binary mask at every grid point within L-M-N-O except

in the area a-b-c-d‘et’-b’-a, the analysis can result in

2)

The binary mask is converted to a “new” binary mask
by shrinking the width of each line by 10%. For each
rectangle [A-B-C-D in Fig. 7(a) (not drawn to scale)], in
the critical area, the new binary mask is constructed by
shrinking rectangle A-B-C-D to rectangle a-b-c-d, such
that the width of the rectangle a-b-c-d is 90% of the
actual feature A-B-C-D.

An exclusive-or is performed between the binary
aerial intensity image and this new binary mask. This
exclusive-or yields the “match percentage.”

The “match percentage,” as calculated in the previous
step, should be 100%, for a critical area to pass this
analysis. This is because while matching the binary
aerial intensity with the original mask, a 10% variation
in linewidth was allowed. However, there is a small
inaccuracy in calculating the “match percentage,” which
will slightly lower the “match percentage” value which
a critical area must attain in order to “pass.” This
inaccuracy is discussed in the next step.

The Analyzer determines whether a rectangle ends
within a critical area. If a rectangle ends within a critical
area, [for example, the open end shown in Fig. 7(a) (not
drawn to scale)], a 10% allowance in linewidth variation
would imply that we can also ignore the area b-d¥c
[Fig. 7(b)], while performing the exclusive-or. Hence,
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Fig. 10. Output from the analyzer fdinewidth = 0.375 p.
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Fig. 11. Output from the analyzer fdmewidth = 0.24 pu.

the “threshold on the match percentage” to determineexactly where it needs to perform the exclusive-or, whereas
“pass” is calculated as Algorithm 1 simply performs an exclusive-or of the entire area.

It should be noted here, that, the Analyzer performs the
printability analysis, with the assumption thaparfectmask

Algorithm 2 is more accurate in determining “pass” or sfaj|is available according to the layout design. It does not attempt
than Algorithm 1, as the matching in Algorithm 2 is almost thé0 estimate the effect of any unpredicatable defects in a mask
same as performing a “walk” down the center of each featulise those caused by opaque particles gathered on the surface
to determine whether there is a 10% variation in linewidttef the mask [10]. The two algorithms for determination of
However, Algorithm 2 requires more computation to determirfenatch percentages” would fail to estimate the effect of such

((area(abed) — area(bed’t'))/arca(abed)) * 100%.
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TABLE I
ResuLTs oF THEEVALUATION oF ELBows UNDER DUV CONDITIONS

Linewidth(y) ‘ Match(%) ‘ Result

0.37 87.5 PASS
0.30 73.6 FAIL
0.24 19.6 FAIL

metal_line .. 180deg_PS Odeg_PS

'
-
.

Fig. 13. The compacted layout with phase shifted elements: Area:
9.87 um x 8.62 pm, Compaction: 5%.

Fig. 12. The original layout: Areal0.37 pm x 8.62 pm. Linewidth: Teature” da_tabase' Thi§ _dat_abase COUI_d be configured to assist
75 pm. in automating the modification of multiple occurrences of the
same class of “critical feature,” depending upon other features
random and isolated defects. However, the CAD Framewarkthe surrounding area, if the “printability” analysis indicates
uses aerial image simulations of critical features, where thehigh possibility of failure.
nature of the problems can be predicted (such as, rounding ofn the next step, any proximity effects correction tool
elbows or shortening of open ends). The applicability of thH26]-[29], can be used for optical proximity corrections (OPC),
two algorithms discussed above depends on the predictabilitya certain layout fails the “printability” analysis. OPC are
of the lithography related problems involving the “criticakorrections to the layout in the form of relocating existing
features.” features or adding sub-resolution serifs as discussed in [12].
Addition of such a step will be aimed toward hiding the entire
C. Future Work “critical features” filtering-analysis-corrections loop from the
The current implementation described in this paper identifiésyout designer unless the designer specifically wants to look
only “nested elbows” and “open ends.” An obvious improveat a particular process simulation.
ment in a future implementation would be to identify other
types of “critical features,” such as, “closely spaced parallel . RESULTS
lines” and “arrays of contact holes.” Another improvement
would be to reduce some of the burden on the designer tha
the current implementation places, in terms of choosing whi
of the identified “critical features” should be analyzed. Thi
can be easily modified, because each “critical feature” fou %ature
is classified according to the type of geometry (e.g., nested
elbows, open ends, etc.) and it is possible to analyze dite
occurrence of each class. At the same time all occurrence ofn this section, the Integrated CAD Framework automat-
each class can be automatically tracked through a “critidablly identifies “critical features” in two pieces of layout.

EI' his section demonstrates the various features of the Inte-
ated CAD Framework, namely (A) Identification of “critical
eatures” in a layout and, (B) evaluation of a specific “critical

Identification of “Critical Features”
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binary aerial intensity
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Fig. 14. Binary aerial intensity image for the compacted layout with phase shifting: Threshold: 0.4, Match=90PASS.

Fig. 8 shows a Magic layout that is a part of the routing from
a larger layout of an Arithmetic Logic Unit. The placement of .
the subcells and the connections between them necessitate ‘tﬁ@* A
use of nested elbows in the routing. }

The labels mark some of the “nested elbows” automatically.
identified by the Integrated CAD Framework, in this piece
of layout. The name of a label contains the coordinates of the
point in the layout that it marks and the name of the cell. Each
pair of nested elbows are marked separately, so that input fo
Depict 3.0 may be generated for any pair. Thus Depict 3.0;
will have to simulate only a small area of the layout. It may *
be noted, that Fig. 8 does not show the labels for all the critical
features found by the tool—some have been deleted to retaif
readability.

Fig. 9 shows another piece of Magic layout from the metal
layer of a D flip-flop cell from the standard cell library in
the Lager suite of CAD software [30]. The Integrated CAD
Framework identifies two pairs of “open ends” and three
occurrences of closely spaced “nested elbows” in the piec
of layout shown in the figure. It may be noted that the layout
also contains wider “open ends” as well as wider and more
widely spaced “nested elbows” that are not tagged as “critica
features” as discussed in Section II-A.

491

One of the critical areas was chosen for evaluation. Thl?g. 15. The compacted layout without phase shifted elements:

results of the evaluation are presented in the next section. 9.87 um x 8.62 um, Compaction: 5%.
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binary aerial intensity

X (um)

Fig. 16. Binary aerial intensity image for the compacted layout without phase shifted elements: Threshold: 0.4, Matetr> 0%%4_.

B. Evaluation of a Set of Nested Elbows Under DUV Conditiotise analysis for a linewidth of 0.37pm. Fig. 10(c) shows

In this section, a pair of “nested elbows,” extracted fror'€ €xposed and developed structure with a printed line in the
a larger layout, is evaluated under deep ultra violet (Du\genter. The width of this line is used with the 1-D aerial inten-
lithography conditions for linewidth ranging from 0.37 toSity image of Fig. 10(b) to find the minimum intensity over the
0.25 um. The modeling of the photoresist (SNR248 fronPrinted line (“threshold intensity”). The “threshold intensity” is
Shipley Co.) as well as the exposure and development '§Ported below Fig. 10(c). The “threshold intensity” is applied
the resist is done explicitly using data obtained from twt® the aerial intensity image in Fig. 10(a) to obtain the binary
papers [31], [32], in which, the performance of SNR248erial intensity image in Fig. 10(d). The binary aerial intensity
photoresist is evaluated for different values of numericé compared to the original mask [Fig. 10(e)] to determine the
aperture, defocus, exposure dose, resist thickness, softbdRatch percentage.” The “match percentage” is reported at the
and post exposure bake for a nominal linewidth of 0.3gottom of Fig. 10. This analysis pronounces this layout, with a
um. The optical characteristics of silicon, the SNR248 residinewidth of 0.375.m, under the specified process conditions
and an anti-reflective coating, as a function of wavelength “pass.”
(248 nm) were specified to Depict. Also, a model for de- Fig. 11 shows a similar analysis for a linewidth of 0.24
velopment of SNR248 based on the Mack model [33] wasn. However, in this case the analysis concludes that under
defined. the given process conditions, a pair of nested elbows with a

The evaluation of the structure for two different linewidthéinewidth of 0.24;:m, cannot be printed accurately. Hence the
are shown in Figs. 10 and 11. The steps followed during thasalyzer marks it as a “fail.” Table Il summarizes the results
evaluation has been explained in Section II-B. Fig. 10 shows$ this experiment.
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C. Application of Phase Shifting to a Layout in a relatively small piece of layout. The same technique
in Order to Achieve Compaction can be automated and applied to larger layouts, such as a

This section discusses how the printability analysis capabi-Ciga-bit DRAM, in order to achieve larger percentages of

ity of the Integrated CAD Framework can be used to evaluat&gmpaCtion'
layout under a different process technique (using phase shifting
masks). IV. CONCLUSION

In a phase-shifted mask, every other element in a closelyp gchnigue for identifying and evaluating “critical features”
packed mask contains a phase-shifter. As a result, the light 5 layout has been developed and implemented in the
amplitude after passing through the mask varies from 1 t0,Qegrated CAD Framework. The CAD Framework has been
to —1, whereas it varies only from 1 to 0 in a conventionalji as an extension to existing CAD tools, that is Magic and
mask. The intensity, which is proportional to the square of th§apict. The examples in Section Il show that the Integrated
amplitude restores the spatial frequency of the mask openiRg&p Framework provides a simple and interactive method
but with far greater contrast and, therefore, resolution. of evaluating a layout or a process technique. Hence, our

The Magic layout editor was modified to support the reRechnique has potential for use either to evaluate the limits
resentation of phase shift masks and was used together vgthany new and nonconventional process technique in an
the Analyzer to compact a piece of layout by inserting phag@rly process definition phase or in a mask house, as a
shifted elements into it. The piece of layout, evaluated ifostprocessor to improve the printing capability of a given
this section, was generated automatically by a router in thgysk.
Lager suite of CAD software [30]. The wire routing which
occurs between rows of standard cells is done using two metal ACKNOWLEDGMENT
layers (metall and metal2 in Magic). Metall is run in the .
horizontal direction and metal2 is run in the vertical direction 1h€ authors would like to thank Dr. Z. Bor, Dr. M. C.
with appropriate contacts between the two layers. The piecedPayling, Dr. G. Szaiy M. Ercelyi and M. Kido for their

V. Pai, S. N. M. Durbhakula, and T.

layout extracted for this example, is a part of the metall lay&ft99estions and help, , a, al
of the wire routing. This layout (Fig. 12) has been alrea order for providing the layout used in the example in Fig. 8,

optimized by the router to have lines and spaces of widgftd Technology Modeling Associates for Depict 3.0.

best suited for a transmission mask. Phase shifted parts were
added to the layout with the goal that phase shifting will allow

closer spacing between the lines. Fig. 13 shows the layogt] K. H. Brown, “SEMATECH and the national technology roadmap:
after insertion of the phase shifted elements. The use of the Needs and challenges,” Proc. SPIE—Optical/Laser Microlithography

. : : VIII, 1995, pp. 33-37.
phase shifted elements allow closer spacing between the Imtagla M. D. Levenson, N. S. Viswanathan, and R. A. Simpson, “Improving

and hence a more compact layout. Fig. 15 shows the same resolution in photolithography with a phase shifting masEEE Trans.
compacted layout with the phase shifted elements removed. L% Electron Devicesvol. ED-29, pp. 1828-1836, 1982.

. . C. A. Mack, “Fundamental issues in phase-shifting mask technology,”
Figs. 12-14, a certain area near the top of the layout has been kT microlithography Seminar, Interface 199%an Jose, CA, pp. 23-35,

highlighted to show a region where the use of phase shifted 1991. i - csh

: : SEMATECH, “Sematech lithography/design Il workshop,” June 1995.
e_Iements has allowed closer spacing between two adjace@ C. Sengupta, M. Erélyi, Z. Bor, J. R. Cavallaro, M. C. Smayling,
lines. G. Szald, F. K. Tittel, and W. L. Wilson, “An Integrated CAD

The compacted layout with and without the phase shifted framework linking VLSI layout editors and process simulators,” in
. Proc. SPIE—Optical/Laser Microlithography JXL996, vol. 2726, pp.
elements was evaluated by the Analyzer. The photoresist 5,4 555

used was KODAK820 and the aerial intensity image wagé] G.S. Taylor, J. K. Ousterhout, G. T. Hamachi, R. N. Mayo, and W. S.

obtained with light of wavelength 365 nniti{ne) and a lens of iﬁ?étr}];"t"acgi;?l\égil ?gmig zxisltgg ifProc. 21st IEEE/ACM Design
numerical aperture of 0.4. The parameters for the photoresigf r. c. Pack and D. A. Bernard, “DEPICT-2 applications for VLSI

were taken from the Depict 3.0 library. Fig. 14 shows the technology,” Tech. Rep., Technology Modeling Associates, Iifalo

. - . . . . Alto, CA, 1990.
binary aerial intensity image with an intensity threshold of 0.4,5, "\, Ferris-Prabhu, “Defect size variation and their effect on the critical

for the compacted layout with the phase shifted elements. The area of VLSI devices,1EEE J. Solid-State Circuitsvol. SC-20, no. 4,
binary aerial intensity image closely resembles the mask ang Ppp- 878-880, 1985.

he Anal ks i « " Th . E{g] J. Pineda de Gyvez and C. Di, “IC defect sensitivity for footprint-
the Analyzer marks it as a "pass. € same experiment w. type spot defects,TEEE Trans. Computer-Aided Desigwol. 11, pp.

repeated for the compacted layout without the phase shifted 638-658, May 1992.

; ; ial i g 0] W. Maly, “Modeling of lithography related yield losses for CAD of
elements. Fig. 16 shows the binary aerial intensity image with’ VLS| circuits,” IEEE Trans, Computer-Aided Designol. CAD-4. pp.

an intensity threshold of 0.4, for the compacted layout without 166177, July 1985.
the phase shifted elements. The poor quality of the binal3i]l D. M. Newmark and A. R. Neureuther, “Phase-shifting mask design

aerial intensity image clearly shows that the compacted layout tlogog’l 'Corrigbfpgﬁ_zlzléfzggnu' BACUS Symp. on Photomask, Tech
cannot be used as a transmission mask. [12] O. W. Otto, J. G. Garofalo, K. K. Low, C. Yuan, R. C. Henderson,
Thus the Integrated CAD Framework can be used to build C- Pierrat, R. L. Kostelak, S. Vaidya, and P. K. Vasudev, "Auto-

¢ fi h hift K tor f | mated optical proximity correction—A rules based approach Pioc.
an automatic phase Shift mask generator irrom a mono-layer SPIE—Optical/Laser Microlithography VIIFeb. 1994, vol. 2197, pp.

layout. In this section, phase shifted elements were inserted 278-293.
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