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1

METHODS OF DETERMINING QUALITY OF
A LIGHT SOURCE

Matter enclosed in heavy brackets [ ]| appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

CROSS-REFERENCE TO RELATED
APPLICATIONS

Notice: More than one reissue application has been filed
for the reissue of U.S. Pat. No. 8,154,896. The reissue
applications arve U.S. application Ser. Nos. 14/284,117 and

15/162,702, which is a reissue divisional of Ser. No. 14/254,
117. This application 1s a reissue divisional of U.S. patent
application Ser. No. 14/284,117, filed on May 21, 2014 as an
application for veissue of U.S. patent application Ser. No.

12/773,143, filed on May 4, 2010, which is a continuation of
U.S. patent application Ser. No. 11/458,915 filed on Jul. 20,
2006, the entirety of which 1s herein incorporated by refer-
ence herein.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to methods of determining a
quality of a light source, and more particularly related to
methods of determining a quality of a light source applied to
a photolithographic process.

2. Description of the Related Art

With advances of electronic products, semiconductor
technology has been widely applied in manufacturing
memories, central processing units (CPUs), display devices,
light emitting diodes (LEDs), laser diodes and other devices
or chip sets. In order to achueve high-integration and high-
speed specifications, dimensions of semiconductor inte-
grated circuits have been reduced and various materials and
techniques have been proposed to achieve these targets and
overcome obstacles during manufacturing. To scale down
dimensions of integrated devices and circuits, photolitho-
graphic technology, e.g., exposing process, plays an 1mpor-
tant role.

The exposing process mvolves a light source which
domuinates the resolution of feature dimensions of integrated
circuits. The desired resolution can be obtained by increas-
ing the depth of focus (DOF) of the light source, the quality
of the light source or other conditions of the exposing step.
Accordingly, methods to determine the quality of the light
source have been proposed.

FIGS. 1A and 1B are pictures of pupil maps. A pupil map
1s an 1mage of light from a light source impinging on an
image sensor array, used to determine whether the light
source 1s acceptable to be applied to a photolithographic
process. To generate the pupil maps, a light 1s provided from
a light source module. The light passes through a shield and
1s projected on a charge-coupled device (CCD) array. The
CCD array comprises a plurality of CCDs. Each of the
CCDs senses a respective intensity (gray level value) and
represents an address in the CCD array. Thus, the CCD array
creates the 1mage of the pupil map corresponding thereto.

Traditionally, an engineer or operator determines the
quality of the light source based on visual mspection and
personal experience. A skilled engineer or operator can
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2

distinguish the pupil map of FIG. 1A from the pupil map of
FIG. 1B due to distortion, voids or discontinuity of the pupil
map 1n FIG. 1B. The pupil map of FIG. 1A 1s acceptable, but
the pupil map of FIG. 1B 1s not acceptable. The conditions
of the light source module which generate the pupil map of
FIG. 1B are modified to create a desirable pupil map. If
distortions, voids and discontinuity of the pupil map are
substantial, but not so serious that 1t 1s diflicult to determine
the quality of the light source, some undesirable pupil maps
may be incorrectly determined to have acceptable quality.
The conditions of the exposing step of such pupil maps are
then used for performing a photolithographic process. Such
conditions of the exposing step will generate undesired
photolithographic patterns and aflect subsequent processes.

From the foregoing, improved methods of determining
the quality of a light source are desired.

SUMMARY OF THE INVENTION

In accordance with some exemplary embodiments, a
method comprises the following steps. An 1mage sensor
array 1s exposed to a light from a light source. Addresses and
respective intensities corresponding to a plurality of loca-
tions on a pupil map representing intensity of the light from
on the 1mage sensor array. At least one of an inner curve and
an outer curve of the pupil map 1s defined based upon the
collected addresses and respective intensities. The light
source 1s applied to a photolithographic process 1 the
addresses have a predetermined pattern relative to the at
least one of the inner curve and the outer curve.

In accordance with some exemplary embodiments, a
method comprises the following steps. An 1mage sensor
array 1s exposed to a light from a light source. Addresses and
respective 1ntensities corresponding to a plurality of loca-
tions on a pupil map representing intensity of the light from
the light source on the image sensor array are collected. The
collected intensities are added to calculate a total sum
intensity. At least one of an inner curve and an outer curve
of the pupil map 1s defined based upon the collected
addresses and respective mtensities, wherein the 1inner circle
encloses a plurality of addresses corresponding to about
10% of the total sum intensity, and the outer circle encloses
a plurality of addresses corresponding to about 90% of the
total sum intensity. The light source 1s applied to a photo-
lithographic process 1 the addresses have a predetermined
pattern relative to the mner curve and the outer curve.

In accordance with some exemplary embodiments, a
method comprises the following steps. An 1mage sensor
array 1s exposed to a light from a light source. Addresses and
respective 1ntensities corresponding to a plurality of loca-
tions on a pupil map representing intensity of the light from
the light source on the 1mage sensor array are collected. A
plurality of segments are defined on the pupil map, wherein
cach segment comprises a plurality of addresses and respec-
tive normalized intensities. An outer curve 1s defined on the
pupil map. An eflective area of each of the segments 1s
calculated. A number of the segments having efiective areas
that are larger than a first predetermined value 1s counted.
The light source 1s applied to a photolithographic process, 1f
the number of the segments having eflective areas that are
larger than the first predetermined value 1s larger than a
second predetermined value.

The above and other examples will be better understood
from the following detailed description of the preferred
embodiments that 1s provided 1n connection with the accom-
panying drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS

Following are brief descriptions of exemplary drawings.
They are mere exemplary embodiments and the scope of the
present mvention 1s not limited thereto.

FIGS. 1A and 1B are images of pupil maps.

FIGS. 2A-2C are mmages of different exemplary pupil
maps.

FIG. 3 1s a flowchart of an exemplary method for deter-
mimng a quality of a light source.

FIG. 4A 1s a drawing showing an exemplary pupil map
after a coordination transformation.

FIG. 4B 1s a drawing showing an exemplary pupil map
with an mner circle and an outer circle thereon.

FIG. 5A 1s a schematic drawing showing a relationship
between the mnner circle C1 and the intensity contour line C3
of FIG. 4B.

FIG. 5B i1s a schematic drawing showing a relationship
between the outer circle C2 and the mtensity contour line C4
of FIG. 4B.

FIG. 6A 1s a flowchart showing an exemplary method to
determine a quality of a light source.

FIG. 6B 1s a schematic drawing of an exemplary 3-D
pupil map.

FIG. 6C 1s a cross-sectional view along section line
6C-6C through the center of the pupil map of FIG. 6B.

FIG. 7A 1s a flowchart showing an exemplary method of
determining a quality of a light source.

FIG. 7B 1s a schematic drawing showing segments
divided on the pupil map.

FIG. 7C 1s a schematic drawing showing an exemplary
enlarged first segment on the pupil map of FIG. 7B.

FIG. 7D 1s a schematic drawing showing a transformation
described 1n step 730.

FIG. 7E 1s a schematic drawing showing a transformation
described 1n step 730.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

This description of the exemplary embodiments 1s
intended to be read in connection with the accompanying
drawings, which are to be considered part of the entire
written description. In the description, relative terms such as
“lower,” ‘“upper,” “hornizontal,” ‘“vertical,” *“above,”
“below,” “up,” “down,” “top” and “bottom” as well as
derivatives thereol (e.g., “horizontally,” “downwardly,”
“upwardly,” etc.) should be construed to refer to the orien-
tation as then described or as shown in the drawing under
discussion. These relative terms are for convenience of
description and do not require that the apparatus be con-
structed or operated in a particular orientation.

FIGS. 2A-2C are mmages ol various exemplary pupil
maps. Each pupil map represents a light from a light source
that 1s detected by an 1imager array, such as a CCD array, a
CMOS 1maging sensor array, or the like. In FIGS. 2A-2C,
the pupil maps 200 comprise around pupil map in FIG. 2A,
a ring pupil map 1n FIG. 2B and a pupil map with four light
sections located at 45 degrees with respect to a horizontal
axis 1 FIG. 2C. In other embodiments (not shown), the
pupill map can be, for example, an oval pupil map, a
substantially round pupil map or other pupil map with at
least one light section located at any of various angles with
respect to a horizontal axis. The pupil map 1n FIG. 2A has
a light section 210 and a circle 215. The circle 215 indicates
the maximum dimension to which the radius of the light
section 210 can reach. The pupil map 1n FIG. 2B has a light
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4

section 210, a maximum dimension circle 215 and a shielded
area 220. The shielded area 220 1s formed when the light
passes a round shield disposed between the source of light
and a CCD array. The source of light with the donut-type
pupill map mmproves the depth of focus (DOF) of the
photolithographic process. The pupil map 1 FIG. 2C has
four light sections 210 and a maximum dimension circle
215. The pupil map 1 FIG. 2C can be formed when the light
passes a cross with a central round shield disposed between
the source of light and a CCD array. The application of the
source of light with the pupil map of FIG. 2C also improves
the DOF of the photolithographic process. From the fore-
going, one of ordinary skill 1n the art can readily select the
type of pupil map for a desired photolithographic process by
selecting a corresponding type of shield.

FIG. 3 1s a flowchart of an exemplary method of deter-

mining the quality of a light source.

In step 300, the 1image sensor array 1s exposed to a light
from a light source. Detailed descriptions are similar to those
set forth 1n connection with FIGS. 2A-C.

In step 310, addresses and respective intensities corre-
sponding to a plurality of locations on a pupil map repre-
senting intensity of the light from the light source are
collected. The addresses represent locations of CCDs 1n the
CCD array having respective intensities. The addresses may
comprise, for example, addresses 1n a Cartesian coordinate
system, addresses in a Polar coordinate system or addresses
in other coordinate systems. In some embodiments, the
addresses are addresses 1n a Cartesian coordinate system as
shown 1n Table 1.

TABLE 1
X (mm) Y (mm) Intensity (I) (a.u.)
—-0.39851 -0.971389 0.000175
-0.373611 -0.971389 0.000269
—-0.348704 -0.971389 0.004330
-0.323796 —-0.971389 0.009940
—0.298889 -0.971389 0.008340
—-0.273982 —-0.971389 0.002815
-0.249074 -0.971389 0.006727
-0.224167 -0.971389 0.009749

Table I shows a subset of the addresses having respective
intensities along the Y-axis “-0.971389.” In some embodi-
ments, the center of the pupil 1s used as the center of the
Cartesian coordinate system. Thus, negative addresses are
included 1n the collected addresses. In some embodiments,
intensities corresponding to the addresses are normalized
during or after step 310 collects the addresses. It 1s noted that
the number of addresses can be changed based on the
resolution of the pupil map. If a pupil map having a high
resolution 1s desired, more addresses and a high-pixel-count
CCD array are used.

Turn to FIG. 4A 1s a drawing showing an exemplary pupil
map after a coordinate transiormation.

Referring to FIG. 3, in step 320 addresses 1n a Cartesian
coordinate system are transformed to addresses in a Polar
coordinate system. The pupil map 400 comprises a plurality
addresses having respective intensities. In some embodi-
ments, the addresses collected 1n step 310 are addresses 1n
a Cartesian coordinate system. For such embodiments, step
320 transiorms the addresses from the Cartesian coordinate
system having respective intensities I(x,y) into addresses 1n
a Polar coordinate system having respective intensity I (r, 0)
by a coordination transformation method. For example, I

(0.5, 0.5) 1s transtormed as I (0.707, m/4). The transforma-
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tion method can be, for example, a general method of
coordinate transformation, such as r=(x*+y*)"? and
O=tan~" (y/x).

In some embodiments, the coordinate transformation step
320 set forth above 1s not used, i the addresses having the
respective mtensities collected 1n step 310 are already 1n the
Polar coordinate system. With the address collection in a
Polar coordinate system, subsequent steps 330 and 340 can
be performed.

Turn to FIG. 4B 1s a drawing showing an exemplary pupil
map with an mner circle and an outer circle thereon.

Referring to FIG. 3, after the address transformation step
330 defines an 1nner curve C1 and an outer curve C2 of the
pupil map 400. In some embodiments, the inner curve C1
and outer curve C2 are circles as shown in FIG. 4B. The
inner circle C1 has a radius R1, and the outer circle C2 has
a radius R2. The radius R1 1s the distance from the center
“O” of the pupil map 400 to an address in the Polar
coordinate system which has a value which may be from
about 7.5% total sum intensity (I_, ) to about 12.5% I_ .
The outer circle C2 has a radius R2. The radius R2 1s the
distance from the center “O” of the pupil map to an address

in the Polar coordinate system which has a value from about
87.5% 1 to about 92.5% 1_ .1 can be determined by

S LEFFL

equation (1) below:

20 oo

[sum = >1 >11(r, 9)

=0 =0

(1)

By obtaining the total sum intensity I_ . an address, for
example, with 10% total sum intensity I_ __ can be found.
The address of I (r, 0) can be determined so as to satisiy

equation (2) below:

2m Rl

)1 )11(1-, 9) = Isum/ 10
=0 =0

(2)

For example, 11 equation (2) provides that the address of
the 10% 1_, 15 (0.55061, ¥4m), the radius R1 15 0.55061. The

inner circle C1 1s then defined on the pupil map based on the
radius R1 as shown in FIG. 4B.

By obtaining the total sum intensity I_ . the address, for
example, with 90% total sum intensity I_ __ can be found.

The address of I (r, 0) can be determined based on equation
(3) below:

2r R2

Z Z I(r, 8) = 0.9« [sum

=0 =0

(3)

It equation (3) provides that the address of the 90% I_
1s (0.88428, 74m), the radius R2 1s 0.88428. The 1nner circle
C1 and outer circle C2 are then defined on the pupil map 400
based on the radun R1 and R2 as shown 1n FIG. 4B.

In FIG. 4B, the pupil map 400 also shows a plurality of
intensity contour lines C3 and C4, which are adjacent to the
iner circle C1 and the outer circle C2, respectively. The
intensity contour lines C3 and C4 are provided to determine
the quality of the light source.

FIG. 5A 1s a schematic drawing showing a relationship
between the mnner circle C1 and the itensity contour line C3

of FIG. 4B.
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In some embodiments, the 1inner circle C1 has the radius
R1 which 1s the distance from the center “O” of the pupil
map to the address in the Polar coordinate system having a
value of about 10% 1_ . The intensity contour line C3
represents a curve formed by the locus of addresses having
about 10% of the normalized intensity. The radii R1max and
R1min are distances from the center “O” of the pupil map to

the addresses in the Polar coordinate system corresponding
to about 7.5% 1 and about 12.5% I_ . respectively. The
circles Clmax and Clmin are defined corresponding to the
radn Rlmax and Rlmin, respectively. The circle Clmin
encloses a plurality of addresses having about 7.5% I_ .
The circle Clmax encloses a plurality of addresses having
about 12.5% 1_ . If the addresses corresponding to about
10% of the normalized intensity substantially falls within the
region defined between the circles Clmax and Clmin, 1t 1s
determined that the quality of the light source 1s acceptable.
Under this circumstance, step 335 i1s satisfied and the light
source 1s applied to a photolithographic process 1n step 340
as shown 1 FIG. 3. A semiconductor wafer 1s fabricated by
the photolithographic process. On the contrary, i1t the
addresses corresponding to about 10% of the normalized
intensity do not substantially fall within the region defined
between the circles Clmax and Clmin, the quality of the
light source should be improved and step 333 1s not satisfied
as shown in FIG. 3. Under this circumstance, a modified
light source 1s applied and steps 300-335 are repeated to
determine the quality of the light source as shown 1n FIG. 3.

In some embodiments, 1t 1s not necessary to obtain both
of the circles Clmax and Clmin to determine the quality of
the light source. For example, if addresses on the inner circle
C1 correspond to mtensities having an equal or proximately
equal normalized intensities, the quality of the light source
1s determined to be acceptable and steps 335 and 340 shown
in FIG. 3 can be performed as set forth above.

In some embodiments, only one of the circles Clmax and
Clmin 1s used to determine the quality of the light source.
In some embodiments, 11 the addresses corresponding to
about 10% of the normalized 1ntensity falls within the circle
Clmax, the quality of the light source 1s determined to be
acceptable and steps 335 and 340 shown in FIG. 3 can be
performed as set forth above. In some embodiments, if the
addresses corresponding to about 10% of the normalized
intensity falls outside the circle Clmin, the quality of the
light source 1s determined to be acceptable and steps 335 and
340 shown 1n FIG. 3 can be performed as set forth above.

FIG. 5B 1s a schematic drawing showing a relationship
between the outer circle C2 and the itensity contour line C4
of FIG. 4B.

In some embodiments, the outer circle C2 has the radius
R2 which i1s the distance from the center “O” of the pupil
map to the address in the Polar coordinate system corre-
sponding to about 90% I_ . The intensity contour line C4
1s formed by addresses corresponding to about 90% nor-
malized intensity. The radi1 R2max and R2min are distances
from the center “O” of the pupil map to the address in the
Polar coordinate system corresponding to about 87.5% 1_,
and about 92.5% I_ . respectively. The circles C2max and
C2min correspond to the radin R2max and R2min, respec-
tively. The circle C2min encloses a plurality of addresses
having about 87.5% 1_ . The circle C2max encloses a
plurality of addresses having about 92.5% 1. If the
addresses corresponding to about 90% of the normalized
intensity substantially fall within the region defined between
the circles C2max and C2min, the quality of the light source
1s determined to be acceptable. Under this circumstance,
step 335 1s satisfied and the light source 1s applied to a
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photolithographic process in step 340 as shown in FIG. 3.
Conversely, if the addresses corresponding to about 90% of
the normalized intensity do not substantially fall within the
region defined between the circles C2max and C2min, the
quality of the light source should be improved and step 335
1s not satisfied as shown 1n FIG. 3. Under this circumstance,
a modified light source 1s applied and steps 300-3335 are
repeated to determine the quality of the light source as
shown 1n FIG. 3.

In some embodiments, 1t 1s not necessary to obtain both
of the circles C2max and C2min to determine the quality of
the light source. For example, 11 addresses on the outer circle
C2 corresponding to intensities having an equal or substan-
tially similar normalized intensities, the quality of the light
source 1s determined to be acceptable and steps 335 and 340
shown 1n FIG. 3 can be performed as set forth above.

In some embodiments, only one of the circles C2max and
C2min 1s used to determine the quality of the light source.
In some embodiments, 11 the addresses corresponding to
about 90% of the normalized 1ntensity falls within the circle
C2max, the quality of the light source 1s determined to be
acceptable and steps 335 and 340 shown in FIG. 3 can be
performed as set forth above. In some embodiments, if the
addresses corresponding to about 90% of the normalized
intensity falls outside the circle C2min, the quality of the
light source 1s determined to be acceptable and steps 335 and
340 shown m FIG. 3 can be performed as set forth above.

The circles C1 and C2 corresponding to areas enclosing,
10% 1__ and 90% 1_ ., respectively, are merely exemplary
values. The present invention 1s not limited thereto. One
skilled 1n the art can readily select the circles C1 and C2
corresponding to different percentages of the total sum
intensity (I_ ) based on a desired quality of the light source.

It 1s noted that the inner circle C1, the outer circle C2 or
both are used, 11 a desired quality of the light source can be
determined. For example, the quality of the light source
generating the pupil maps FIGS. 2A and 2C can be deter-
mined by using either one or both of circles C1 and C2. The
quality of the light source that generates the pupil map FIG.
2B can be determined by using the outer circle C2 alone,
without requiring the 1nner circle. Based on the description
above, one of ordinary skill in the art can readily use the
inner circle C1, the outer circle C2 or both to obtain a desired
quality of the light source.

In some embodiments, curves such as a circle, an oval, a
part of a circle or other curve that 1s adapted to define a
boundary to determine the quality of the light source may be
used. For example, the pupil map FIG. 2C has four light
sections. Portions of the circles C1 and C2 are suflicient to
determine the quality of the light source. One skilled 1n the
art thus can readily modily or select the shape of the curve
to determine the quality of the light source.

Following 1s a description of another exemplary method
to determine a quality of a light source.

FIG. 6A 1s a flowchart showing an exemplary method to
determine a quality of a light source.

A semiconductor water 1s fabricated by the photolitho-
graphic process. In FIG. 6A steps 600, 610, 630, 635 and 640
are like 1tems indicated by reference numerals having the
same value as 1n FIG. 3, increased by 300. Thus, these items
in FI1G. 6 A can be the same as corresponding items described
above with reference to FIG. 3, and a description of these
items 15 not repeated.

After step 610, step 620 converts the addresses and
intensities mto a 3-D drawing as shown in FIG. 6B. In FIG.
6B, the 3-D drawing comprises address coordinates X and Y,
and the intensity coordinate Z.
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The address coordinates X and Y can be, for example,
Cartesian coordinates or Polar coordinates. In some embodi-
ments, intensities at the various addresses are normalized 1n
the 3-D pupil map 6350. In some embodiments, the addresses
and respective intensities of the pupil map 1 FIG. 2B are
used to generate the 3-D pupil map 650. The 3-D pupil map
650 thus comprises a hollow region 660 therein, which
represents the shield region 220 shown i FIG. 2B.

After step 630, step 633 forms a cross-sectional view of
the 3-D pupil map 650 and creates the drawing as shown in

FIG. 6C. FIG. 6C 1s a cross-sectional view along section line

6C-6C through the center “C” of the 3-D pupil map 650 of
FIG. 6B. In FIG. 6C, C1 and C2 represent the circles set
forth 1n connection with FIGS. 5A and 3B. Dots 670 show
the normalized intensities of the addresses of the 3-D pupil
map 650 along section line 6C-6C. The curve 680 1s
contoured to pass through or adjacent to the dots 670 by a
polynomial regression method. In some embodiments, the
curve 680 1s, for example, a parabola. I substantially all of
the dots 670 fall on or are near to the curve 680, then the
light source has at least the desired quality. As shown 1n FIG.
6C, the dots 670 either fall on or slightly deviate from the
curve 680. Under this circumstance, step 633 1s satisfied and
the light source 1s applied to a photolithographic process in
step 640 as shown 1n FIG. 6A. Conversely, 11 a substantial
number of the dots 670 do not fall on or near to the curve
680, the quality of the light source should be improved and
step 635 15 not satisfied as shown i FIG. 6A. Under this
circumstance, a modified light source 1s applied and steps
600-635 are repeated to determine the quality of the light
source as shown in FIG. 6A.

FIG. 7A 1s a flowchart showing an exemplary method of
determining the quality of a light source. FIG. 7B 1s a
schematic drawing showing the pupil map divided into
segments. FIG. 7C 1s a schematic drawing showing an
exemplary enlarged first segment on the pupil map of FIG.
7B.

Following 1s a description of an exemplary method of
determining the quality of a light source.

A semiconductor wafer 1s fabricated by the photolitho-
graphic process. In FIG. 7A steps 700, 710 and 770 are like
items indicated by reference numerals 300, 310 and 340 1n
FIG. 3, respectively. Thus, these items 1n FIG. 7A can be the
same as corresponding 1tems described above with reference
to FIG. 3, and a description of these 1tems 1s not repeated.

Step 720 defines a plurality of segments on the pupil map
705 as shown in FI1G. 7B. The pupil map 705 1s divided into
a plurality of segments 715, which are separated by bound-
ary lines 711. The segments 715 have substantially the same
width “d.” Steps of defining a segment are described below
and referenced to FIG. 7C.

FIG. 7C 1s a schematic drawing showing the first segment
715 of the pupil map 705 of FIG. 7B. The gray level on the
pupil map 705 1s represented by intensities at addresses on
the pupil map 705. In FIG. 7C, “X” represents first addresses
701 corresponding to normalized intensities more than about
0.3; “a” represents second addresses 703 corresponding to
normalized intensity less than about 0.3, “0” represents the
addresses 706 corresponding to normalized intensity which
1s zero, and “z” represents the addresses 707 corresponding
to normalized intensities more than about 0.9. In some
embodiments, the segment 715 comprises a central region
721 and boundary regions 723. The central region 721 has
more first addresses 701, 1.e., “x”, than the number of first
addresses 701 of each of the boundary regions 723. The
boundary lines 711 are defined based on a periodic profile of
distribution of the first addresses 701, “x”. In some embodi-
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ments, the boundary lines 711 are defined at the place where
the boundary regions 723 have the fewest first addresses 701
“x”. In other embodiments, the boundary lines 711 are
defined at the central region 721 corresponding to the most
first addresses 701 “x”. Accordingly, one of ordinary skill 1n
the art, based on these embodiments, can readily understand
that the boundary lines 711 can be located at the place where
a predetermined one segment of the periodic profile of the
distribution of the first addresses 1s found.

It 1s also noted that FIG. 7C i1s merely a schematic
drawing. The central region 721 does not necessarily include
S5 columns of addresses, and each of the boundary regions
723 does not necessarily comprise 3 columns of addresses.
The number of columns may be selected for any given
embodiment. In some embodiments, the central region 721
can be the central column of addresses, and the boundary
regions 723 can be the columns of addresses immediately
adjacent to the boundary lines 711.

FIG. 7D 1s a schematic drawing showing an exemplary
transformation of a segment of a pupil map described 1n step
730. In this step, outer curves 733 of the pupil map 705 are
defined.

Referring to FIG. 7B, step 730 collects the addresses of
the first segment 715 of the pupil map 7035 within the edge
region 731 having corresponding intensities. The addresses
within the edge region 731 comprise addresses with inten-
sities represented by “x”, “a”, “0” and “z”, which have the
same definitions as discussed above, as shown in FIG.
7D(1). In some embodiments, all of the addresses within the
pupil map 705 are collected. However, in other embodi-
ments only addresses within the edge region 731 are col-
lected to reduce the process time of step 730.

Step 730 then defines normalized intensities at the
addresses as zero when the addresses are outside a region
tormed by the first addresses 701, “x” and have normalized
intensities larger than about 90%. As mentioned above, “z”
represents the addresses 707 corresponding to intensities
more than about 90%. The intensities at the addresses 707
“z” shown 1n FIG. 7D(1) result from noise and should be
climinated 1n order to avoid confusion on the pupil map 705.

The intensities of addresses 707 thus are defined as zero, and
“z” 1s replaced by “0” as shown 1 FIG. 7D(2).

7’ 18

Referring to FIG. 7D(2), after the transformation the outer
curves 733 1s formed by lining addresses which have inten-
sities “0” and immediately adjacent to the addresses 703,
1.€., “a”’, of the pupil map 705.

In some embodiments, step 730 also defines an inner
curve 743 on the pupil map 705. FIG. 7E 1s a schematic
drawing showing a transformation of a segment of a pupil
map described 1n step 730.

In step 730, the addresses of the pupil map 705 within
another edge region 741 having corresponding intensities
shown 1n FIG. 7B are collected. The addresses within the
edge region 741 comprise addresses with intensities repre-
sented by “x”, “a”, “0” and “z”, which have the same
definition as discussed above, as shown in FIG. 7E(1).
Detailed descriptions of these items are not repeated. In
some embodiments, all of the addresses within the pupil map
705 are collected. However, 1n other embodiments only
addresses within the edge region 741 are collected to reduce
the process time of step 730.

Step 730 then defines corresponding intensities at the
addresses as having a value of zero when the addresses are
outside a region formed by the first addresses 701 “x” and
have normalized intensities larger than about 90%. As
mentioned above, “z” represents the addresses 707 corre-

sponding to 1ntensities more than about 90%. The intensity
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values at the addresses 707 shown 1n FIG. 7E(1) result from
noise and should be eliminated 1n order to avoid confusion
on the pupil map 705. The 1intensities at addresses 707 thus
are defined as zero, and “z” 1s replaced by “0” as shown 1n
FIG. 7E (2).

After the transformation the inner curve 743 1s formed by
a line passing through addresses which have intensities “0”
and which are immediately adjacent to the addresses 703,
1.e., “a”, of the pupil map 705.

In some embodiments, the process to define the inner
curve 743 1n step 730 1s not used. For example, the first
segment 715 shown 1n FIG. 7B 1s at the edge of the pupil
map 705. The first segment region 715 includes the edge
region 731, and does not include the edge region 741. Thus,
the process to define the 1inner curve 743 1n step 730 1s not
performed for the first segment 715. In some embodiments,
if the round pupil map shown in FIG. 2A, rather than the
donut pupil map 705 as shown in FIG. 2B, 1s used, the
process to define the 1inner curve 743 1n step 730 can also be
removed from the process tlow, because the round pupil map
shown 1n FI1G. 2A does not include the edge region 741. One
of ordinary skill i the art can readily decide whether to
include step 730 based on the shape of the pupil map.

Step 740 1s then provided to calculate the eflective area of
one of the segments 715. Referring to FIG. 7D(2), the
number of the first addresses 701 and second addresses 703
within the edge region 731 and the boundary lines 711 1s
counted as a first number “1T”. The number of the first
addresses 701 within the edge region 731 and the boundary
lines 711 1s counted as a second number “N”. The eflective
area of the segment 715 1s defined as a ratio of the second
number “N”” divided by the first number “T7, 1.e., N/T.

Step 750 counts the segments 715 whose eflective areas
are larger than a first predetermined value. In some embodi-
ments, the first predetermined value 1s about 0.3. For
example, in FIG. 7D(2) the first number “T”" 1s 144 and the
second number “N” 1s 94. The eflective area 1s about 0.65
(94/144) which 1s larger than 0.3. Thus, the first segment 715
1s counted. If the effective area of other segments 715 1s less
than the predetermined value, e.g., 0.3, the segments 715
would not be counted.

Step 760 determines whether the subsequent process step
770 should be performed. In step 760, if the number of the
counted segments 715 1s larger than a second predetermined
value, step 770 1s performed to apply the light source to a
photolithographic process. The quality of the light source
depends on the number of the counted segments. In some
embodiments, the second predetermined value 1s from about
16 to about 18. In such embodiments, 1f the number of the
counted segments 715 falls within the range from 16 to 18,
step 760 1s satisfied and the light source 1s applied to a
photolithographic process 1n step 770 as shown 1n FIG. 7A.
Conversely, if the number of the counted segments 7135 does
not fall within the range from 16 to 18, step 760 1s satisfied
and the quality of the light source should be improved as
shown 1 FIG. 3. Under this circumstance, a modified light
source 1s applied and steps 700-760 are repeated to deter-
mine the quality of the light source as shown 1n FIG. 7A.

The present invention may be embodied 1n the form of
computer-implemented processes and apparatus for practic-
ing those processes. The present invention may also be
embodied 1n the form of computer program code embodied
in tangible media, such as floppy diskettes, read only memo-
rics (ROMs), CD-ROMs, hard drives, “ZIP™” high density
disk drives, flash memory drives, or any other computer-
readable storage medium, wherein, when the computer
program code 1s loaded 1nto and executed by a computer, the
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computer becomes an apparatus for practicing the invention.
The present invention may also be embodied 1n the form of
computer program code, for example, whether stored 1n a
storage medium, loaded 1nto and/or executed by a computer,
or transmitted over some transmission medium, such as over
the electrical wiring or cabling, through fiber optics, or via
clectromagnetic radiation, wherein, when the computer pro-
gram code 1s loaded into and executed by a computer, the
computer becomes an apparatus for practicing the invention.
When implemented on a general-purpose processor, the
computer program code segments configure the processor to
create specific logic circuits.

Although the present mmvention has been described 1n
terms ol exemplary embodiments, 1t 1s not limited thereto.
Rather, the appended claims should be constructed broadly
to include other variants and embodiments of the invention
which may be made by those skilled in the field of this art
without departing from the scope and range of equivalents of

the 1nvention.
What 1s claimed 1s:

[1. A method of determining a quality of a light source
applied to a photolithographic process, comprising:

a) exposing an image sensor array to a light from the light

source;

b) collecting addresses and respective intensities corre-
sponding to a plurality of locations on a pupil map
representing intensity of the light from the light source
on the 1mage sensor array;

¢) summing together the intensities to calculate a total
intensity of the light from the light source collected by
the 1mage sensor array;

d) defining at least one of an 1nner curve or an outer curve
on the pupil map, the at least one of the inner curve or
the outer curve having a radius that corresponds to a
percentage of the total intensity of the light collected by
the 1mage sensor array; and

¢) applying the light source to a photolithographic process
for forming a device on a semiconductor wafer if a
predetermined amount of a normalized intensity con-
tour line 1s disposed externally of or within the at least
one of the inner curve or the outer curve, respectively.]

[2. The method of claim 1, wherein the at least one of the
inner curve or the outer curve include at least one selected
from a group consisting of a circle, an oval, and a part of a
circle.]

[3. The method of claim 1, wherein addresses on the inner
circle correspond to intensities having equal or approxi-
mately equal normalized intensities. ]

[4. The method of claim 1, further comprising:

1) converting the addresses and the intensities into a

three-dimensional (3-D) drawing; and

g) cross-sectiomng the 3-D drawing to generate an nten-
sity distribution pattern externally of or within the at
least one of the inner curve or the outer curve, respec-
tively.]

[S5. The method of claim 4, wherein the intensity distri-
bution pattern 1s generated by a polynomial regression
method.]

[6. The method of claim 1, wherein the addresses are
based on a Cartesian coordinate system, the method further
comprising transforming the addresses to a Polar coordinate
system. ]

[7. The method of claim 1, further comprising:

1) moditying the light source 11 the predetermined amount
of the normalized intensity contour line 1s not disposed
externally of or within the at least one of the inner curve
or the outer curve, respectively; and

g) repeating steps a) through e).]
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[8. A method of determining a quality of a light source
applied to a photolithographic process, comprising:

a) exposing an 1mage sensor array to a light from the light

SOUrCe;

b) collecting addresses and respective intensities corre-
sponding to a plurality of locations on a pupil map
representing mtensity of the light from the light source
on the 1image sensor array;

¢) defining at least one of an 1nner curve or an outer curve
on the pupil map based upon the collected addresses
and respective intensities, the at least one of the mnner
curve or the outer curve having a radius that corre-
sponds to a percentage of a sum total of the intensities
of the light from the light source collected by the image
SeNSor array;

d) converting the addresses and the intensities into a
three-dimensional (3-D) drawing;

¢) cross-sectioning the 3-D drawing to generate an inten-
sity distribution pattern externally of or within the at
least one of the inner curve or the outer curve, respec-
tively; and

1) applying the light source to a photolithographic process
for forming a device on a semiconductor wafer 1f a
predetermined amount of the itensity distribution pat-
tern 1s disposed externally of or within the at least one
of the inner curve or the outer curve, respectively.]

[9. The method of claim 8, wherein addresses on the inner
circle correspond to intensities having equal or approxi-
mately equal normalized intensities. ]

[10. The method of claim 8, wherein the at least one of the
iner curve or the outer curve include at least one selected
from a group consisting of a circle, an oval, and a part of a
circle ]

[11. The method of claim 8, wherein the intensity distri-
bution pattern 1s generated by a polynomial regression
method.]

[12. The method of claim 8, wherein the addresses are
based on a Cartesian coordinate system, the method further
comprising transforming the addresses to a Polar coordinate
system. ]

[13. The method of claim 8, further comprising:

o) moditying the light source 11 the predetermined amount
of the intensity distribution pattern 1s not disposed
externally of or within the at least one of the inner curve
or the outer curve, respectively; and

h) repeating steps a) through 1).]

[14. A non-transitory computer readable storage medium
encoded with program code, wherein when the program
code 1s executed by a processor, the processor performs a
method, the method comprising:

a) exposing an 1mage sensor array to a light from a light

SOUrCe;

b) collecting addresses and respective intensities corre-
sponding to a plurality of locations on a pupil map
representing intensity of the light from the light source
on the 1mage sensor array;

¢) summing together the intensities to calculate a total
intensity of the light from the light source collected by
the 1mage sensor array;

d) defining at least one of an 1nner curve or an outer curve

on the pupil map, the at least one of the inner curve or
the outer curve having a radius that corresponds to a
percentage of the total intensity of the light collected by
the 1mage sensor array; and



US RE47,272 E

13

¢) determining 1f a predetermined amount of a normalized
intensity contour line 1s disposed externally of or within
the at least one of the inner curve or the outer curve,
respectively.}

[15. The non-transitory computer readable storage

medium of claim 14, wherein the method 1ncludes:

1) applying the light source to a photolithographic process
if the predetermined amount of the normalized intensity
contour line 1s disposed externally of or within the at
least one of the inner curve or the outer curve, respec-
tively; and

o) modifying the light source 11 the predetermined amount
of the normalized intensity contour line 1s not disposed
externally of or within the at least one of the inner curve
or the outer curve, respectively.}

[16. The non-transitory computer readable storage
medium of claim 14, wherein addresses on the 1nner circle
correspond to intensities having equal or approximately
equal normalized intensities.}

[17. The non-transitory computer readable storage
medium of claim 14, wherein the method fturther comprises:

f) converting the addresses and the intensities into a
three-dimensional (3-D) drawing; and

g) cross-sectiomng the 3-D drawing to generate an nten-
sity distribution pattern externally of or withuin the at
least one of the inner curve or the outer curve, respec-
tively.]

[18. The non-transitory computer readable storage
medium of claim 14, wherein the intensity distribution
pattern is generated by a polynomial regression method.]

[19. The non-transitory computer readable storage
medium of claim 14, wherein the addresses are based on a
Cartesian coordinate system, the method further comprising
transforming the addresses to a Polar coordinate system.]

[20. The non-transitory computer readable storage
medium of claim 14, wherein the method includes:

h) repeating steps a) through 1) i1f the predetermined
amount of the normalized 1ntensity contour line 1s not
disposed externally of or within the at least one of the
inner curve or the outer curve, respectively.}

21. A method, comprising:

providing intensities corresponding to a plurality of loca-
tions on a pupil map representing intensity of a light
from a light source on an image sensor array at the
plurality of locations;

normalizing the intensity of the light at the plurality of

locations;

dividing the pupil map into a plurality of segments each
defined by a first boundary line and a second boundary
line, wherein the boundary lines are defined based on

a periodic profile of distribution of the plurality of

locations having a first normalized intensity; and
defining at least one of an innerv curve or an outer curve
Jor each of the plurality of segments based upon the
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determining an effective area of each of the plurality of
segments, wherein the effective area is rvelated to the
normalized intensity of the light at each of the plurality
of locations within the edge region;

applving the light source to a semiconductor wafer to

form a device on the semiconductor wafer only when
the effective area of a predetermined number of the
plurality of segments is larger than a predetermined
value.

22. The method of claim 21, wherein the effective area of
the plurality of segments is a ratio N/I, wherve N is a number
of the plurality of locations with the first normalized inten-
sity within a first segment and the at least one of the inner
curve or the outer curve and T is a number of the plurality
of locations with the second normalized intensity and the

fivst normalized intensity within the first segment and the at

least one of the inner curve or the outer curve.

23. The method of claim 21, further comprising exposing
the image sensov array to the light from the light source
before the providing step.

24. The method of claim 21, wherein the plurality of
segments arve separvated from each other by the boundary
lines.

25. The method of claim 21, wherein each of the plurality
of segments includes at least a vespective one of the plurality
of locations.

26. A method, comprising:

providing intensities corresponding to a plurality of loca-

tions on a pupil map representing intensity of a light
from a light source on an image sensor array at the
plurality of locations;
novmalizing the intensities at the plurality of locations;
dividing the pupil map into a plurality of segments each
defined by a first boundary line and a second boundary
line, wherein the boundary lines are defined based on
a periodic profile of distribution of the plurality of
locations having a first normalized intensity; and

applyving the light source to a semiconductor wafer to
form a device on the semiconductor wafer only when a
predetermined number of the plurality of segments
have an effective arvea larger than a predetermined
value.

27. The method of claim 26, further comprising defining
at least one of an inner curve ov an outer curve on the pupil
map based upon the novmalized intensities.

28. The method of claim 27, wherein the effective area of
the plurality of segments is a vatio N/I, wheve N is a number
of the plurality of locations with the first normalized inten-
sity within a first segment and the at least one of the inner
curve or the outer curve and T is a number of the plurality
of locations with a second novmalized intensity and the first
normalized intensity within the first segment and the at least
one of the inner curve or the outer curve.

29. The method of claim 26, further comprising exposing
the image sensov array to the light from the light source
before the providing step.

30. The method of claim 26, wherein the plurality of
segments are separated from each other by the boundary
lines.

31. The method of claim 26, wherein each of the plurality
of segments includes at least a vespective one of the plurality
of locations.
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