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TITLE: INTEGRATED MULTL-PASS INSPECTION

BACKGROUND OF THE INVENTION

o
SN

Field of the Invention

This invention generally relates to the field of reticle inspection. More
particularly, the present invention relates to a method of integrated multi-pass inspection

of a reticle.

14
2. Pescription of the Related Art
The following description and examples are not adrmited to be prior art by virtue
of their inclusion in this section.
15

Fabricating semiconductor devices such as logic and memory devices typically
includes processing a substrate such as a semiconductor water using a large number of
semiconductor fabrication processes to form various features and multiple levels of the
sernconductor devices. For example, lithography is a semiconductor fabrication process

20 that involves transferring a pattern from a reticle to a resist arranged on a semiconductor
waler. Additional examples of semiconductor fabrication processes mclude, but are not
hmited to, chemucal-mechanical polishing (CMP}, etch, deposition, and ton implantation.
Multiple semiconductor devices may be fabricated in an arrangement on a single

serarconductor wafer and then separated 1nto mdividual semiconductor devices.

Inspection processes are used at various steps during a semiconductor
manufacturing process to detect defects on reticles to promote higher yield in the
manutacturing process and thus higher profits. Inspection has always been an important
part of fabricating semiconductor devices such as ICs. However, as the dimensions of

30 semiconductor devices decrease, inspection becomes even more important to the

successtul manufacture of semiconductor devices.
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in general, existing methods for reticle mspection utilize one of two imaging
modes to inspect a mask. The most common inspection mode known as reticle plane
inspection (RPI} involves capturing high resolution transmitted and reflected images of a
reticle and processing the two tmages together. The resolution 18 nmuch higher than that
of the wafer scanner used to print the reticle images to the wafer. The Teron™ platform
designed, manufactured, and marketed by KLA-Tencor, Milpitas, Calif. is the industry
standard inspection tool for RPI muspection modes. This type of inspection has the best
performance for finding relatively small point defects. As optical proximity correction
(OPC) gets more coruplex, 1t can be challenging to use this fspection mode to
differentiate between primary features, where defect detection sensitivity needs to be high
due to the criticality of the primary features, and assist features, where defect detection
sensitivity can be lower due to the non-criticality of these features. It can also be
challenging to use this mspection mode o separate non-water-printing nuisance defocts
on primary features from critical, wafer-printing defects due to the complex rules in
geometry classification typically used in defect detection. In a dic-to-die inspection,
since database mformation 1s typically not used for defect detection, geometry
classification can be even more difficult, which can make separating printing critical
defects from non-printing ruisance defects challenging. Furthermore, this approach has
difficultics finding diffuse and phase defects, which are becoming more common and

important o caich.

Another 1nspection method called low numerical aperture (NA) mspection (LNI)
involves a mode that emulates the wafer scanner optical conditions, capturing one image
in transmitted light at a lower NA than RP with illumination conditions that approximate
the scanner’s, Utilizing this method allows the system to differentiate between primary
features with high sensitivity and assist features regardless of the reticle type or
complexity of the underlying patterus on the reticle. It also enables estimating the
printability impact of a defect on the wafer plane. Furthermore, LNI inspection mode
readily detects diffuse and phasc defects due to the optical conditions of the LNI mode.
However, this mode has fundamentally lower resolution making it difficult to find

relatively small point detocts,
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Another method for contamivation 1uspection known as SL involves analyzing
two images, RPI transmitted and reflected, to find defects that standout from the

background pattern, This method can be challenged by more complex masks where the

i

assist and optical proximity correction (OPC) patterns look substantially similar to the

contamination that the defect detection algorithm is trying to detect,

Accordingly, it would be advantageous to develop methods and/or systems for

reticle inspection that do not have one or more of the disadvantages descubed above.

10
SUMMARY OF THE INVENTION
The following description of various embodiments is not to be construed in any
way as Hmiting the subject matter of the appended claims.
15

One embodiment relates to a method for iuspecting a reticle. The method
includes acquiring at least first, second, and third images for the reticle. The first image
is a substantially high resolution umage of hght transmitted by the reticle. The secound
image is a substantially high resolution image of light retlected from the reticle. The

26 third image 18 an image of light transmitted by the reticle that 1s acquired with a
substantially low numerical aperture. The method also includes detecting defects on the
reticle using at least the first, second, and third 1mages for the reticle 1n combination. The

acquiring and detecting steps are performed with one or more computer systems.

25 The method described above may be performed as described further herein, Tn

7

addition, the method described above may include any other step(s} of any other
method(s) described herein, Furthermore, the method described above may be performed

by any of the systems described herein.

30 Another embodiment relates to a non-transitory computer-readable medium

storing program nstructions executable on a computer system for performing a
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computer-implemented method for inspecting a reticle. The computer-implemented
method 1ncludes the steps of the method described above. The computer-readable
medium may be further configured as described herein. The steps of the computer-
implemented method may be performed as described further herein. In addition, the
computer-implemented method for which the program instructions are executable may

include any other stop(s) of any other method(s) deseribed herein.

An additional embodiment relates to a reticle inspection system that includes one
or raore optical subsysterns configured to acquare at least firsi, second, and third images
for the reticle. The first image 1s a substantially high resolution image of light
transmitted by the reticle. The second image 1s a substantially high resolution image of
fight reflected from the reticle. The third image is an image of light transmitted by the
reticle that is acquired with a substantially low numerical aperture. The reticle inspection
system also includes one or more computer subsystems configured for detecting defects
on the reticle using at least the first, second, and third images for the reticle in
combination. The reticle inspection systera may be further configured as described

herein,

BRIEY DESCRIPTION OF THE DRAWINGS

{Other objects and advantages of the invention will become apparent upon reading
the following detatled description and upon reference to the accompanying drawings in

which:

Fig. 1 1s a schematic diagram illustrating a plan view of embodiments of first,

second, and third images for a reticle;

Fig. 2 is a flow chart illustrating one embodiment of a method for inspecting a

reticle;
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Fig. 3 is a schematic diagram illustrating a plan view of embodiments of main and

assisi features of a reticle;

Fig. 4 1s a block diagram illustrating one embodiment of a non-transitory

i

computer-readable medim storing progran instructions executable on a computer
system for performing one or more of the computer-implemented methods described

herein; and

Fig. 5 is a schematic diagram lusirating a side view of one embodiment of a

16 reticle inspection system.

While the invention is susceptible to various modifications and alternative forms,
specific embodiments thercof are shown by way of example in the drawings and will
herein be described in detail. It should be understood, however, that the drawings and

15 detailed description thercto are not intended to limit the invention to the particular form
disclosed, but on the contrary, the mitention is to cover all modifications, equivalents and
alternatives falling within the spirit and scope of the present invention as defined by the

appended claims.

20 DETAILED BPESCRIPTION OF THE PREFERRED EMBODIMENTS

Turning now to the drawings, it 1s noted that the figures are not drawn to scale, In
particular, the scale of some of the elements of the figures is greatly exaggerated to
emphasize characteristics of the cloments. It is also noted that the figures are not drawn

25 tothe same scale. Elements shown in more than oue figure that way be similarly

7

configured have been indicated using the same reference numerals. Unless otherwise
noted herein, any of the elements described and shown may include any suitable

commercially available elements.

36 The embodiments described herein generally relate to integrated multi-pass reticle

inspection. The embodiments described herein can be used to improve reticle inspection
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erformance. Performance is defined as finding more defects of interest (DOIs) while
timiting the nomber of false defects (i.e., those that do pot exist) or nwsance defects (1.e.,
those that the reticle inspection system user does not care about). The embodiments
described herein can be applied to mspections for detecting pattern and/or contarnination
type defects. In addition, the embodiments described herein can be applied to various
types of defect detection such as cell-to-cell (CC), die-to-dic (DD}, die-to-database (DB},
or STARlight (SL). The terms “reticle” and “mask” are used iterchangeably herein and
are intended to mean any reticle or mask known in the art that is used to transfer a pattern

1o another substrate such as a waler,

As masks become more complex, it becomes increasingly more difficult to
inspect the masks with a relatively low nuisance and/or false rate while maintaining
sensitivity to DOIs. Furthermore, the types of defects that users need to catch to maintain
yields on the wafers being fabricated using a reticle are becoming more diverse and
difficult to detect with existing inspection strategics. The embodiments described herein

address several himitations with existing approaches,

The embodiments deseribed herein involve capturing three or more images for a
reticle and processing them together to optimize the performance of the inspection mode.
More specifically, one embodiment of a method for inspecting a reticle includes
acquiring at least first, second, and third images for the reticle. The first image isa
substantially high resolution image of light transmitted by the reticle. The second image
is a substantially high resolution timage of light reflected from the reticle. The third
image is an image of light transmitted by the reticle that is acquired with a substantially
tow nurnerical aperture (NA}. The method also includes detecting defects on the reticle
using at least the first, second, and third images for the reticle in combination. The
acquiring and detecting steps are performed with one or more computer systems, which

may be configured as described further herein.

A “substantially high resolution image” as that term is used herein refers to an

irmage of a reticle i which features printed on the reticle appear substantially as they are
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formed on the reticle (within the optical limitations of the reticle inspection system used
to generate the image). For exaniple, a “substantially hugh resolution 1mage” of a reticle
is an image that is generated by imaging the physical reticle at the reticle plane with a
substantially high resohution reticle inspection system (e.g., a reticle nspection system
capable of generating images with a substantially high NA (e.g., an NA of greater than
0.8)), In contrast, a “substantially low NA” used to generate the third image may be an
NA that 1s less than 0.5, Tu addition, the “substantially low NA” used to generate the
third image may be substantially the same as the NA on the reticle side that is used by an
exposure systern to project an image of the reticle onto a wafer thereby trausferring
features on the reticle onto the water. Therefore, in the substantially low NA image, the
reticle features may appear substantially differently than they were formed on the reticle.
For example, in the substantially low NA image, reticle features may appear to have more

rounded cormners than what was formed on the reticle,

To illustrate the differences between the different types of images, several
hypothetical exarples are shown in Fig. 1. In particular, image 180 may bea
substantially high resolution image of light transmitted by a reticle. In this manner,
iroage 100 may be used as a “first iroage” described herein. o this imwage, the white
portions in Fig. | indicate the bright portions in the image. Therefore, the white portions
indicate the high transmission arcas of the reticle. In addition, dark portions 102 shown
in the image indicate the dark portions in the image. As such, the dark portions indicate
the low transmission areas of the reticle. Therefore, the dark portions correspond to

opaque features formed on the reticle.

As shown further shown in Fig. 1, image 104 is a substantially high resolution
image of light reflected by the same reticle. In this manner, image 104 may be used as a
“second 1mage” described hevewn. In this timage, white portions 106 indicate the bright
portions in the image, and the dark portions indicate the dark portions in the image. As
such, white portions 106 correspond to the retlective, opaque features of the reticle while

the dark portions correspond to the highly transmissive portions of the reticle.
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Fig. 1 also includes image 108 that is an image of the same hypothetical reticle
that s formed by light transtmitted by the reticle and moaged with a substantially low NA.
Therefore, image 108 may be used as the “third image” described herein. The bright
portions in this image correspond to the bright portions in image 100 since they are both
generated by transmitted light. In addition, dark portions 110 of image 108 correspond to
dark portions 102 of image 100. However, as can be seen by cormparison of image 108
with faages 100 and 104, since image 108 1s acquired using a substantially low NA, the
resolution of the features in the image is lower than that in images 100 and 104 that are
acquired with substantially high vesolution at the reticle plane. In addition, as described
further herein, the NA used to generate the third image may be selected such that the
third image approximates the gerial image that will be projected on a water by a
fithography exposure system. Therefore, the third timage may approximate the wafer

planc tmage of a reticle,

Any of the images described herein of light transmitted by the reticle can, in some
embodiments, include some reflected light. For example, a relatively small amount of
reflected light can be blended with the light transmitted by the reticle and the resulting
blended image can be used as the trausmutied light image. Tn a simlar manner, any of the
images described herein of light reflected by the reticle can include some transmitted
light. In particular, a relatively small amount of transmitted light can be blended with the
fight reflected by the reticle and the resulting blended image can be used as the reflected
light immage. Exaraples of methods and systerns that can be used to produce such blended
images are described in U.S. Patent No. 7,907,278 issued on March 15,2011 to
Kusunose, which is incorporated by reference as if fully set forth herein. The methods

and systems may be further configured as described 1 this patent.

To utilize the approaches described herein, at least some of the first, second, and
third images may be captured sequentially and at least some of the images may be stored
in one or more storage media unttl all images are available for processing. For exaraple,
in one embodiment, acquiring at least the first, second, and third images for the reticle

mcludes acquiring the first and second images from one reticle mspection system and
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acquiring the third image from another reticle inspection systenm. Such reticle inspection
systems may be further configured as described herein. In this manuer, different images
can be acquired from different reticle inspection systems, which may be the case when
anty one reticle inspection system 1s not capable of acquiring all of the images described

herein.

In another embodiment, this approach can be unplemented by switching optical
modes during inspection or running an entire inspection in one mode, followed by
subsequent modes, and foeding these images together at the same time for processing.
For example, in one embodiment, acquiring at least the first, second, and third images for
the reticle includes acquiring the first, second, and third images from one reticle
inspection system, and the one reticle inspection system generates the first, second, and
third images using at least two different optical modes of the one reticle inspection
system. Such an inspection system may be further configured as described herein. The
optical mode of the inspection system can be switched in any suitable manner (e.g., by
changing the imaging NA of the system). In another erabodiruent, acquiring at least the
first, second, and third images for the reticle includes acquiring the first, second, and third
irnages from one or more storage media in which the first, second, and third images were
stored by one or more reticle inspection systems and feeding at least the first second, and
third images together to the one or more computer systems, The images can be acquired
from the one or more storage media in any suitable manner. The one or more storage
media may be further configured as described herein. Feeding nwltiple images to one or

more computer systems simultaneously may be performed in any suitable manner.

o this wanner, the wethod may include capturing reticle plane 1uspection (RP)
type transmitted and reflected images followed by a third low NA inspection (LNI} type
irnage capture {or vice versa). lu ove such emabodirent, as shown in Fig. 2, the method
may include dual image acquisition phase 200 in which reticle 202 may be imaged in
LNT transmitted (LNI T} imaging step 204 to generate image 110 described further above
foltowed by RPI transmitted and reflected (RPI T&R) step 206 to generate images 100

and 104 described further above, Imaging steps 204 and 206 may also be performed in
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everse order. After all of the images have been generated, the tmages can be provided to
one of more compuier systerns, such as those described further herein, for image
processing phase 208, As such, one LNI image and two RPI images may be captured and
processed together. The image processing phase may include defect detection step 210,
which may be performed using the combination of images 100, 104, and 110. In this
manner, the defect detection may be performed in 3 planes: the transmitied RPI plane, the
reflected RPI plane, and the LNI transtitted plane. Defect detection may be performe
as described further herein. The image processing phase shown in Fig. 2 may also

mclude any other steps deseribed herein.

As described above, the third image 18 acquired using a substantially low NA. In
this manner, the third image may roughly approximate the wafer plane tmage of the
reticle. For cxample, conditions other than the substantially low NA at which the third
image is acquired may or may not approximate those of the exposure system. In
addition, in one embodiment, the third image is further acquired with the substantially
tow NA and one or more additional optical conditions that are substantially the same as
optical conditions used by an exposure tool to print a wafer using the reticle. Therefore,
the third image may be acquired at optical conditions that simulate those of a lithography

exXposure systen.

In instances i which the third image is not acquired at optical conditions that
simulate those of an exposure systom, the method may include acquining a fourth image
of the reticle at those conditions, For example, in one embodiment, the acquiring step
includes acquiring a fourth image for the reticle, and the fourth image is acquired with
one or more optical conditions that are substantially the same as optical conditions used
by an exposure tool to print a wafer using the reticle. Such a fourth image (or second low
NA image) could be captured to nuprove the accuracy with which the exposure system
{or scanner) ts emulated or to add ancther image for differentiating contamination from
patterns for SL nspections. In another embodiment, the acquiring step includes
acquiring a fourth image for the reticle, and the fourth image is acquired with the same

substantially low NA as the third image, and the third and fourth 1mages are acquired

10
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with different focus conditions. In this manner, the fourth image may be taken with the
sarue optical conditions as the third image except at different focuses. The fourth image
may be acquired in the manners described above as described below with respect to the

system erubodiments,

In one embodiment, detecting the defects mcludes aligning at least the first,
second, and third mmages to each other, In this manner, the portions of the first, second,
and third images that were gencrated at substantially the same locations on the reticle can
be wdentified and used together for the defect detection step. Image registration amoung
different image modalities is always a technical challenge. In a die-to-database (DB}
mspection, we can align all the optical images to reference images generated from the
database. In a die-to~-die (DI} or STARIight {SL} inspection, the images nust be aligned

more robustly with different algorithims,

Specifically, in one embodiment, the reticle is a binary mask, detecting the defects
wmehades aligning at least the first, second, and third 1mages to cach other, and the
aligning step includes generating an additional image for the reticle by applying one or
more mask pattern recovery algorithrus to at least one of the first and second nuages,
generating an acrial image for the reticle by using the additional image as input to a
sirnulation of an exposure step performed using the reticle, and aligning the aeral image
to the third image. In this manner, for binary masks {embedded phase shift masks
(EPSMzs), opague MoSi over glass {OMOG) masks, chrome on glass (COG) masks, etc.},
we can use the mask pattern recovery techniques described in U.S. Patent No. 7,873,204
issued January 18, 2011 to Wihi ot al., 8,103,086 issued January 24, 2012 to Shi et al.,
and 8,611,637 1ssued December 17, 2013 to Shi et al, and PCT Application Publication
Nos. WO 2008/086528 published July 17, 2008 to Wihi et al,, WO 2012/030825
published March 8, 2013 to Shi et al., and WO 2012/030830 published March 8, 2012 to
Shi et al., all of which are incorporated by reference as if fully set forth herein, to
generate a mask image from the first and/or second images, which is then fed torward to

produce an aerial image using the LNI lithography conditions. The simulated aerial

11



i

16

WO 2014/186476 PCT/US2014/038017

image can be aligned with the LNI image to produce alignment offsets. These offsets can

then be applied to the transmitted light and reflected light images.

In an additional embodiment, the reticle is a chrome-less phase lithography (CPL)
mask, detecting the defects includes aligning at least the first, second, and third images to
cach other, and the aligning step includes generating a pseudo-mask image for the reticle
by constructing an approximated solution for the reticle from at least one of the first and
sccond images, generating a pseudo-acrial image for the reticle by using the pseudo-mask
fmage as nput 1o a simulation of an exposure step performed using the reticle, and
aligning the pseudo-acrial image to the third image. In this manner, for CPL masks, cven
though a rigorous mask pattern recovery methodology does not exist, we can construct an
approxinated solution that is then fed forward to produce a pseudo aerial image. This
pscudo aerial image 18 aligned with the LNI image to produce alignment offsets that can

then be applied to the RPI images.

The embodiments described herein provide a number of advauntages over
previcusly used reticle inspection methods and systems. For example, for pattern
mspection modes, the embodiments described herein provide the best coverage for all
defect classes capturing all DOs in a single integrated inspection. In this manner, the
embodiments described herein can be used to detect a number of differcnt defect types in
the same inspection process. In one embodiment, the defects inchude incorrectly formed
patterned features on the reticle. In another embodiment, the defects include
contamination in or on the reticle. In some embodiments, the defects include diffuse
defects on the reticle. In a further embodiment, the defects include phase defects on the
reticle. By processing all images at one tume, information from one image can be used
with any of the other images being analyzed. As such, the embodiments described herein
can use three or more views i an inspection to iraprove coverage and overall

performance.

There are a variety of ways in which the defect detection can be performed in the

erabodirnents described herein, For example, detecting the defects may include applying

12
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a resist threshold band to the LN image, segmenting the main and assist features, and
using these regions to target seusitivity wn the RPI unages. In one such example, as
shown in Fig. 2, the third image generated by LNI {e.g., image 110} may be used to
provide segmentation information that can be stored {e.g., in database 212) and used in
the image processing phase. In particular, the LNI image may be used to segment out
main and assist features, and the segmentation is used subsequently for all three images
to target sensitivity. These steps may be further performed as described herewn. For
example, the image processing phase may include performing segmentation step 214
using the segmentation information stored in database 212 to apply the segmeuts to one
or more of the first, second, and third images. (Although the scgmentation step is shown
in Fig. 3 as separating trmage 110 mto a regular array or grid of segments 216, where cach
featare is separated into more than one segment, in reality the segmentation scheme may
be much more varied and in general, a feature may be included in only one segment, In
other words, in general, any one feature may not be separated into more than one segment
{although there are instances in which such a situation can be envisioned).} Each of the
segments may have any suitable dimensious, shapes, and any other characteristics. In
addition, more than one of the same type of segment may be located at different positions
across the reticle. For example, segments may be biuned such that segments contaimng
similar features are grouped into one bin while segments containing different features are
grouped nto different bins. As further shown in Fig. 2, the results of the segmentation
step may be sent to the defect detection step, which may be performed based on the
scgments as described further herein. Qutput of the defect detection step may melude
one or more defect reports 218, which may be stored in one or more storage media
described herein. The defect report(s) may include any information for the defects and
the reticle generated by the defect detection step and any other steps performed 1u the

image processing phase.

To describe the above concept in greater detail, detecting the defects includes, in
one embodiment, applying a resist threshold band to the third 1image, scgmenting {eaturcs
i the third image into main features, assist features, and other features based on results

of the applying step, segmenting the {irst and sccond images based on positions of the

13
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main features, the assist features, and the other features in the third image and alignment
of the third image to the {irst and secoud umages thereby producing different segments for
the first and second images, and detecting defects in at least two of the different segments
in the first and second images with different sensitivities determined based on whether
the main features or the assist and other features are located in the at least two of the

ditferent segments.

The resist threshold band may be, for instance, a threshold for a dimension of
features ou the reticle, where features having dimensions within that threshold band can
be formed in the resist and features having dimensions beyond the threshold band cannot
be formed in the resist. To tlustrate these different types of reticle features further, Fig. 3
shows features that may be included on a substantially small portion of a hypothetical
reticle. As such, the reticle features shown n Fig. 3 are not included herein to hmait the
embodiments to the illustrated reticle features. As shown in image 300, the reticle
features printed on a reticle may include main reticle features 302 and assist features 304,
As cau be seen in 1inage 300, the assist features have a width that is substantially smaller
than the width of the main reticle features, The width of the assist features may also be
smaller than the resolution limit of the resist being printed with the reticle. Therefore, the
assist features will not print on the wafer, aithough they may “assist” or contribute to the
correct printing of the main features., For cxample, as shown n image 306, the reticle
featares printed on a water inchude main reticle features 302, but not the assist features
shown in tmage 300, As such, using a resist threshold band, main reticle features can be

separated from assist features and other features on the reticle.

Therefore, based on information about which features are main features and
which features are assist and other features, the arcas of the reticle in the third image that
contain only wain features can be identified and separated from the areas of the reticle i
third image that only contain assist and other non-main features. The positions of those
different areas in the first and second 1mages can then be determined based on the
positional relationship between the third image and the first and second images as

determined from image alignroent. The first and second images can then be segrmented in
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the same manner as the third image. Defect detection can then be performed in the first
and second {and third) images based on whether the segments coutain main features or
assist and other features. For example, segments containing only main features can be
inspected with a relatively high sensitivity while segments containing ounly assist and
other features can be inspected with a relatively low sensitivity. The sensitivity with
which the defocts are detected in any one segment can be changed by altering one or
more parameters {(e.g., a threshold) of the defect detection algorithm{s) and/or method(s)

that are applicd to the images.

in another embodiment, detecting the defects includes determining if a defect
detected in any one of the first, second, and third images 1s a real defect, a false defect, or
a nuisance based on signals in at least two of the first, second, and third images. For
example, the signals from two or more images may be used together to determune if a
defect is real, false, or nuisance. In one such example, a potential defect detected in any
one of the images may be eliminated as noise it a potential defect s not also detected at
the same location 1n another of the images (e.g., since defects way produce signals at the
same locations in more than one mode while noise may not have spatial coincidence from
mode to mode). Of course, more complicated methods may be used {or determining real
defects, false defects, and muisance. In another example, the embodiments described
herein may use low NA and higher resolution tmages together to improve inspection
performance and estimate the printability of defects caught. For example, for defects that
are detected using the first and/or second high resolution images, the corresponding
location in the third LNI image may be examined to determine if the defects (if they were
cven defects) have printed in the third image. If a defect does not appear in the third
1mage, it 1s a safe assumption that it will not print on a wafer, Such defects will generally
be of no interest to a user and therefore can advantageously be eliminated from inspection

resulis,
In a turther crubodiment, detecting the defects includes detecting defects in at

feast one of the first, second, and third images by comparing the at least one of the first,

sccond, and third images to a reference tmage for the reticle stored in a database, the
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reference image is generated by modeling, and detecting the defects further inchudes
altering the modeling based ou one or more of the first, second, and third images. For
example, for DB type inspections, the embodiments described herein can be used to

irprove database modeling for a reference tmage by utilizing content from the additional

i

images. [n one such example, the third (LNI} images may be used as wafer plane images
tor the first and second (RPI) images to tune a modeling process that sinulates the

exposure step of the lithography process.

In an additional embodiment, detecting the defocts includes altering one or more
16 parameters of an image processing technigue applied to one or more of the first, second,
and third images for correcting the one or more of the first, second, and third tmages for
reticle inspection system noise based on one or more other of the first, second, and third
images. For example, the embodiments may include utilizing additional images {¢.g., the
third images}) to improve focus compensation and other corrections resulting from tool

13 noise,

{n one embodiment, detecting the defects includes determining a defect type of a
defect detected in at least one of the {first, second, and third imoages based on a
combination of two or more of the first, second, and third images. For contamination

26 inspection, the additional images allow the algorithm to better differentiate between

pattern features on the mask and contamination or other yield Himiting events that should
not be present. The original SL algorithm used two images and looked at the transmitted
and reflected signals at each pixel to find the DOls. By adding a third image {or more
images), the algorithm can analyze the features in higher order dimensions thus

25 improving defect detection. In other words, the embodiments described herein can use
%

7

more than two tmages and low and high NA images to perform a higher dimensional

contamination algorithr.
in some embodiments, the third image 1s further acquired by tmaging a physical

30 wversion of the reticle. For example, modeling approaches {acrial plane inspection (AP},

waler plane mspection (WPI), sinulated reticle plane mspection (sRPH), ete.) have been
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developed to take substantially high resolution images and reconstruct the wafer
scanner’s image 1 the acrial or wafer plane. These methods have the advantage of
starting with higher resolution images and the ability to more accurately model the
optical conditions, They are highly reliable to predict the printing impact of pattern
diffused defects. The disadvantage of this type of approach is the lack of phase
information needed to accurately model the materials present. Assuraptions can be made
but this approach breaks down with phase type masks (¢.g., alternating phase shifling
masks (APSM), CPL, etc.} and with foreign materials like crystal growth. Therefore,
since the third images described herewn are generated by imoaging a physical mwask
{(instead of by simulation), the embodiments described herein can detect many more types

of defects than other reticle mspection ructhods and systems.

The reticle inspection performed by the embodiments described heren can be
used at any point in the lifetime of a reticle. For example, the reticle inspection described
herein may be performed in a mask shop during or after fabrication of the reticle itself.

Iu addition, or aliernatively, the reticle inspection way be perforrued in a wafer fab,

between exposures of wafers with the reticle.

Each of the embodiments of the methods described above may include any other
step(s) of any other method(s) described herein, Furthermore, cach of the embodiments
of the methods described above may be performed by any of the systems described

herein,

All of the methods described herein may inchude storing results of one or more
steps of the method embodiments m a non-transitory computer-readable storage medium,
The results may include any of the results described herein and may be stored in any
manner known fu the art. The storage roedium may include any storage medium
deseribed herein or any other suitable storage medium known in the art. After the results
have been stored, the results can be accessed i the storage mediur and used by any of
the method or system embodiments described herein, formatted for display to a user, used

by another software module, method, or system, etc, For example, after the method has
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detected the defects, the method may include storing mformation about the detected

defects 1o a storage medium.

An additional embodiment relates to a non-transitory computer-recadable medium
storing program instructions executable on a computer system for performing a
computer-implemented method for inspecting a reticle. One such embodiment 1s shown
w Fig. 4. In particular, as shown in Fig. 4, non-transitory coraputer-readable mediura
400 mcludes program instructions 402 exccutable on computer system 404, The
computer-implemented method inchudes the steps of the method desceribed above, The
computer-implemented method for which the program instructions are executable may

inchude any other step(s) described herein.

Program instructions 402 implermenting methods such as those described herein
may be stored on computer-readable medium 400, The computer-readable medium may
¢ a storage medium such as a magnetic or optical disk, a magnetic tape, or any other

suitable non-trausitory computer-readable medium known in the art.

The program wmstructions may be implemented i any of various ways, including
procedure-based techniques, component-based technigues, and/or object-oriented
techmgues, among others. For example, the program instructions may be implemented
using ActiveX controls, C++ objects, JavaBeans, Microsoft Foundation Classes (“"MFC™},

or other technologies or methodologies, as desired.

The computer system may take various forms, imcluding a personal computer
system, irsage coraputer, mainframe computer syster, workstation, network appliance,
Internct appliance, or other device. In general, the term “computer system” may be
broadly defined to encompass any device having oue or raore processors, which executes
instructions from a memory medium. The computer system may also inchude any suitable
processor known in the art such as a paraliel processor. In addition, the computer system
may include a computer platform with high speed processing and software, either as a

standalone or g networked tool.
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Another embodiment relates to a reticle fuspection sysiern, Une embodiment of
such a system is shown in Fig. 5. The reticle inspection system includes one or more
optical subsysiems configured to acquire at least first, second, and third images for the
reticle. The first, second, and third images may be any of such tmages described further
hercin. As shown in Fig. 5, the reticle inspection system includes optical subsystems 500
and 502, Although the reticle inspection system is shown wn Fig. 3 as including two
optical subsystems, it is to be understood that the reticle inspection system may include
only one such optical subsystem if it can be configured to generate all of the images
described herein {e.g., by changing the resolution or NA at which images of the reticle

are generated).

As further shown 1n Fig, 5, optical subsystern 500 includes light source 504,
Light source 504 may include any suitable light source known in the art such as a laser.
Light source 504 is configured to direct light to beam splitter 506, which is configured to
reflect the light from hight source 504 to refractive optical element 508, Refractive
optical element 508 is configured to focus light from beam splitter 506 to reticle 510,
Bearu splitter 506 may include any suitabie beam splitter such as a 50/50 beam splitter.
Refractive optical clement 508 may include any suitable refractive optical element, and
although refractive optical element 508 1s shown in Fig. S as a single refractive optical
element, it may be replaced with one or more refractive optical elements and/or one or

more reflective optical elements,

Light source 504, beam splitter 506, and refractive optical element 508 may,
therefore, form an Ylumination channel for the optical subsystem. The illumination
channel may include any other suitable elements (not shown in Fig. 5) such as one or
more polarizing components, diffractive optical elements (BOEs), and one or more filters
such as spectral filters. As shown in Fig. 5, the light source, beam splitter, and refractive
optical element are configured such that the light 1s directed to the reticle at a normal or
substantially normal angle of incidence. The optical subsystem may be configured to

scan the hight over the reticle in any suttable manuer.
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Light reflected from reticle 510 due to tlumivation may be collected by refractive
optical element 508 and directed through beam splitter 506 to detector 512, Therefore,
the refractive optical element, beam splitter, and detector may torm a detection channel
of the optical subsystem. The detector may incinde any suitable imaging detector known
in the art such as a charge coupled device (CCD) or time-delayed integrator (TDI). This
detection channel may also mclude one or more additional components (not shown n
Fig. 5) such as one or more polarizing components, one or more spatial filters, one or
more spectral filters, and the hike. Detector 512 1s configured to generate output that is

esponsive to the reflected light detected by the detector. The output may include signals,
signal data, images, image data, and any other suitable output. In addition, the output
preferably includes a substantially high resolution image of light reflected by the reticle.

In other words, detector 512 generates the second images described herein.
> o

Light transmitted by reticle 510 due to illumination may be collected by refractive
optical element 514 and directed to detector $16. Therefore, the refractive optical
element and detector may form a detection channel of the optical subsystern. The
detector roay include any suitable imaging detector known 1u the art such as a CCD. This
ictection channel may also include one or more additional components (not shown in
Fig. 5} such as one or more polarizing components, one or more spatial {ilters, one or
more spectral filters, and the like. Detector 516 is configured to generate output that is
respounsive to the transmitied light detected by the detector. The output may melude
signals, signal data, timages, image data, and any other suitable output. In addition, the
output preferably includes a substantially high resolution image of light transmitted by

the reticle. In other words, detector 516 generates the first images described herein.

The optical subsysters may be configured to have more than one mode in any
suitable manner. ln some instances, the optical subsystem can have more than one mode
sequentially (¢.g., by changing one or more parameters of an imaging lens of the optical
subsystem such as NA between scans of a reticle). Furthermore, the optical subsystem

can have some modes simultancously and other modes sequentially, The reticle
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inspection system may be configured to control the optical mode(s) used for any scan of

any reticle in any suitable manner.

As further shown 1n Fig, 5, optical subsystern 502 includes an iHumination
subsystem and a collection subsystem as deseribed in more detail herein. The
thurmnation subsystern includes hight source 518, Light source 518 may be a coherent
tight source such as a laser. The light source may be configured to emit monochromatic
light having a wavelength of about 248 nm, about 193 am, about 157 nm, or another
altraviolet wavelength., Alternatively, the hight source may be configured to emit light
have a range of wavelengths and may be coupled to a spectral filter (not shown). An
cxample of a broadband light source includes, but is not limited to, a He-Xc¢ arc lamp that
generates light in the deep ultraviolet wavelength regime. In this manner, the light source
and the filter may emit monochromatic light having a wavelength as described above.
The light source and the filter may be configured such that different wavelengths of light
may be emitted from the light source and the filter depending upon, for example, the type
of reticle being inspected or the type of inspection or measurement being perforrued. The
light source may also be configured to emit light other than ultraviclet light, In addition,
the light source may be configured to eruit light continnously or at various tirue intervals

in pulses,

The dlumination subsysterm may also inchide a number of optical components
coupled to the light source. For example, light from light source 518 may first pass
through homogenizer 320. Homogenizer 520 may be configured to reduce speckle of the
light from the light source. The illumination subsystem: may also include aperture 522.
Aperture 322 may bave an adjustable NA. For example, the aperture moay be coupled to a
control mechanism that may be configured to mechanically alter the aperture depending
upon a control signal recetved from a user or from program instructions received from a
program recipe being run on the systen. In this manner, the light may have various
partial coherence factors, o, For example, aperture 522 may be altered to adjust a pupil
of condenser lens 524, The pupil of the condenser lens countrols the NA of the system.

As the pupil of the condenser is reduced, coberence of the lumination increases thereby
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decreasing the value of ¢. The value of o may be expressed as the ratio of the NA of the
condenser lens to the NA of the objective lens. Exposure systems may have a value of o
in a range between about 0.3 to about 0.9, Therefore, aperture 522 may be altered such
that the optical subsysters has a value of o between about 3.3 and about 0.9, The value
of o may be altered depending upon the features on the reticle. For example, a higher
value for o may be used if the reticle includes ines and spaces than i the reticle includes
contact holes. The control mechanistn may also be configured to alter the aperture o
provide annular or off-axis illumination. The aperture may also be configured to provide
other types of Hlurnination such as quadrapole or dipolar ilumivation. The aperture may
be further configured to alter a shape of the beam of light. For example, the aperture may

be a diffraction optical element or an apodization aperture.

The dlumination subsystemn may also include 4 number of additional optical
components {(not shown). For example, the illumination subsystem may also include a
telescope configured to alter the beam diameter of the light, In addition, the illumination
subsystem may include one or more relay lenses, additional lenses such as a field lens,

folding mirrors, additional apertures, and beamsplitters.

The dlumination subsystem may also inchude condenser lens 524, Condenser lens
524 may be configured to alier a diameter of the hight in the object (reticle) plane to
approximately, or greater than, the field of view of the system. Light exiting the
condenser lens may tHuminate reticle 526 supported upon stage 528, The stage is
configured to support the reticle by contacting the reticle proximate outer lateral edges of
the reticle. An opening in the stage is provided to allow light from the illumination
subsystem to iluminate the reticle. Stage 528 may be configured to move the reticle such
that an alignment of the reticle may be altered and such that light may scan across the
reticle. Alternatively, the illumination systern may include a scanming clernent (not
shown} such as an acousto-optical deflector or a mechaunical scanning assembly such that
the reticle may remain substantially stationary while the light is scanued across the
reticle. Stage 528 may also be configured to move the reticle through focus thereby

altering a focus setting of the optical subsvstem. The stage mav also be coupnled to an
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autotocusing device (not shown) that is configured to alter a position of the stage thereby
altering a position of the reticle to maintain a focus setting of the optical subsystem
during an inspection. Alternatively, an autofocusing device may be coupled to the
objective lens to alter a position of the objective lens to maintain the focus setting during

an inspection.

The optical subsystem may also include a number of optical components arranged
to form a collection subsystem. For example, the collection subsystem inclades objective
leus 530, Light transmitied by the reticle 1s collected by objective lens 530. The
collection subsystem also includes aperture 532 having an adjustable NA. The NA of
aperture 532 may also be selected such that light exiting the aperture has a sclected
magnification. Aperture 532 is positioned between objective lens 530 and lens 534,
which may be configured as a tube lens. Light from lens 534 may be directed to
beamsplitter 536. Beamsplitter 536 may be configured to direct the light to three

ictectors 538a, 538b, and 538c¢. The collection subsystem may also include a number of
additional optical components (vot shown) such as a magnification lens. The

magnification lens may be positioned between lens 534 and the beamsplitter.

Detectors 538a, 538b, and 538¢c may be configured to form an image of the light
transmitted by an turminated portion of the reticle. Such an fmage may be referred to as
an “aerial image.” The detectors should also be sensitive to at least one of the
wavelengths of light deseribed above. The detectors, however, may also be sensttive to a
range of wavelengths in the deep ultraviolet regime in addition to wavelengths in other

egimes. The detectors may imclude, for example, CCDs or TDI cameras. The detectors
may also have a one-dimeunsional or two-dimensional array of pixels. Each of the three
detectors may have a different focus setting. In this manner, the three detectors may form
irnages of the reticle at three different focus settings substantially siroultaneously. For
example, one detector may be substantially tn focus, and the other two detectors may be
out of focus in opposite directions with respect to the in-focus condition, In addition, the
optical subsystem may include any number of such detectors depending on the

mechanical or physical constraints of the optical subsystem,
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Alternatively, the optical subsystem may only inctude one detector configured to
form an image of the reticle. The detector may have a focus setting approximately equal
to a focus setting of an cxposure system. Images of the reticle at different focus setiings
may be formed by forming a plurality of images of the reticle and altering the focus
setting of the detector afier each image 18 formed. In such an embodiment, beamsplitter

5336 would not be necessary to split the light to multiple detectors.

The reticle inspection system may 1octade a nomber of other coraponents that are
not shown it Fig. 5. For example, the system may imclude a load module, an alignment
module, a handler such as a robotic transfer arm, and an environmental control module

and may inchude any such components known in the art.

As described above, the optical subsystem may be configured to form an acrial
image of the reticle using a set of exposure conditions. The exposure conditions include,
but are not limited to, wavelength of dlumination, coherence of iHlumination, shape of the
beam of illumination, NA, and focus settings. The set of exposure conditions may be
selected to be substantially equivalent to exposure conditions used by an exposure system
to print an image of the reticle onto a wafer. Therefore, an acrial image formed by
optical subsystem 502 may be substantially optically equivalent to an fmage of the reticle
that would be printed on a wafer by the exposure system under the set of exposure

conditions.

The reticle inspection system also inchudes one or more computer subsystens
configured for detecting detects on the reticle using at least the first, second, and third
tmages for the reticle in combination. The computer subsystem(s) may be configured to
detect the defects as described further herein, In one embodiment, as shown in Fig. 3, the
reticle inspection system includes computer subsystems 540 and 542 (although computer
subsysterns 540 and 542 may be replaced with a single computer subsystem it it can
perform the steps described further herein}. In the embodiment shown in Fig. 5,

computer subsystem 540 18 coupled to optical subsysterm 500. For example, the computer
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subsystem may be coupled to a detector of the optical subsystem. In one such example,
as showu in Fig. 5, computer subsystern 540 1s coupled to detectors 512 and 516 of
optical subsystem 500 (e.g., by one or more transmission media shown by the dashed
lines in Fig. 5, which may include any suitable transmission media known in the art).
The computer subsystems may be coupled to the detectors in any suitable manner. The
computer subsysiemn may be coupled to the optical subsyster in any other suitable
manner such that image(s) and any other information for the reticle generated by the
optical subsystem can be sent to the computer subsystem and, optionally, such that the
computer subsystem can send instructions to the optical subsystem to perform one or

more steps described herein.

In a similar manner, computer subsystem 542 is coupled to optical subsystem 502.
For example, the comaputer subsystem may be coupled to a detector of the optical
subsystem. In one such example, as shown in Fig. 5, computer subsystem 542 is coupled
to detectors 538a, 538b, and 538¢ of optical subsystem 502 {e.g., by one or more
transmission mwedia shown by the dashed lines o Fig. 5, which way include any suitable
transmission media known in the art). The computer subsystem may be coupled to the
detectors in any suitable manner. The corputer subsystem may be coupled to the optical
subsystemn in any other suitable manner such that image(s) and any other information for
the reticle generated by the optical subsystem can be sent to the computer subsystem and,
optionally, such that the computer subsystem can send instructions to the optical

subsystem to perform one or more steps described herein,

The computer subsystem{s} included in the system may also inchade a computer
subsystern (not shown} that is not coupled (o an optical subsysterm. In this manuer, one of
the computer subsystems may be a stand alone type computer subsystem, which may be
coupled to the computer subsystems shown in Fig. 5. For exaruple, a staud alone type
computer subsystem may be configured to acquire the images described herein and to
perfortn other steps deseribed herein. In one such example, computer subsystems 540
and 542 may be configured to store images received from their respectively coupled

optical subsysterns and to store the images o storage media 544, which may be further
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configured as described above. The stand alone type computer subsystem may then
acquire the images from the storage media and perform oue or more steps using some

combination of the images.

It is noted that Fig. 5 is provided herein to generally illustrate one configuration of
optical subsystems that may be included in the reticle fnspection system embodiments
described herein. Obviously, the configuration of the optical subsystems described
herein may be altered to optimize the performance of the system as is normally
performed when designing a coramercial imspection systern, In addition, the reticle
inspection systems described herein may be implemented using an existing optical
subsystern (e.g., by adding functionality described herein to an existing inspection
system} such as the reticle inspection tools that are commercially available from KLA-
Tencor, Milpitas, Calif. For some such systems, the methods described herein may be
provided as optional functionality of the systems {e.g., in addition to other functionality of
the system}. Alternatively, the reticle inspection systems described herein may be

designed “from scratch” to provide a completely new system.

Further modifications and altermative embodiments of various aspects of the
invention will be apparent to those skilled in the art in view of this description. For
cxample, methods and systems for inspecting a reticle are provided. Accordingly, this
description is to be construed as illustrative only and is for the purpose of teaching those
skilled in the art the general manner of carrying out the invention. It is to be understood
that the forms of the invention shown and described herein are to be taken as the
presently preferred embodiments. Elements and materials may be substituted for those
tlusirated and described heretn, parts and processes ray be reversed, aud certain features
of the invention may be utilized independently, all as would be apparent to one skilled in
the art after having the benefit of this description of the inveuntion. Changes may be made
in the elements described herein without departing from the spirit and scope of the

mvention as described in the following claims.
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WHAT IS CLAIMED Is:

1. A method for inspecting a reticle, comprising:

acquiring at least first, second, and third images for the reticle, wherein the first
irnage is a substantially high resolution image of light transmitied by the
reticle, wherein the second image 1s a substantially high resolution image
of light reflected from the reticle, and wherein the third image is an image
of light transmitted by the reticle that is acquired with a substantially low

numerical aperture; and

detecting defects on the reticle using at least the first, second, and third images for
the reticle in combination, wherein the acquiring and detecting sieps arc

performed with one or more computer systems.

2. The method of claim 1, wherein said acquiring comprises acquiring the first and
sccond images from one reticle inspection system and acquiring the third image from

another reticle tnspection system.

3. The method of claim 1, wheren said acquiring comprises acquiring the first,
second, and third images from one reticle inspection system, and wherein the one reticle
inspection systern generates the first, second, and third tmages using at least two different

optical modes of the one reticle inspection system.

4. The method of claim 1, wherein said acquiring comprises acquiring the first,
second, and third images from one or more storage media in which the first, second, and
third images were stored by one or more reticle imspection systerus and feeding at least

the first, second, and third images together to the one or more computer systems.

5. The method of claim 1, wherein the third tmage is further acquired with the

substantially low numerical aperture and one or more additional optical conditions that
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are substantially the same as optical conditions used by an exposure tool to print a wafer

using the reticle,

6. The method of claim I, wherein the third fruage 1s further acquired by tmaging a

physical version of the reticle.

7. The method of claim 1, wherein the defects comprise meorrectly formed patterned

features on the reticle.

8. The method of claim 1, wherein the defects comprise contamination in or on the
reticle.

9. The method of claim 1, wherein the defects comprise diffuse defects on the
reticle.

10, The method of claim 1, wherein the defects comprise phase defects on the reticle.
It The method of claim 1, wherein said acquiring further comprises acquiring a

fourth image for the reticle, and wherein the fourth image s acquired with one or more
optical conditions that arc substantially the same as optical conditions used by an

exposure tool to print a wafer using the reticle.

12, The method of claim 1, wherein said acquiring further comprises acquiring a
fourth image for the reticle, wherein the fourth image is acquired with the same
substantially low numerical aperture as the thivd umage, and wherein the third and fourth

images are acquired with different focus conditions.

13, The method of claim 1, wherein the reticle is a binary mask, wherein detecting the
detocts comprises aligning at least the first, socond, and third images to each other, and
wherein said aligning comprises generating an additional image for the reticle by

applying one or more mask pattern recovery algorithrus to at least one of the first and
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second images, generating an acrial image for the reticle by using the additional image as
wput to a simulation of an exposure step performed using the reticle, and aligning the

aerial image to the third 1mage.

14, The method of claim 1, wherein the reticle is a chrome-less phase lithography
mask, wherein detecting the defects comprises aligning at least the first, sccond, and third
umages to each other, and wherein said aligning comprises generating a pseudo-mask
image for the reticle by constructing an approximated solution for the reticle from at least
one of the first and second images, generating a pseado-acrial image for the reticle by
using the pseudo-mask image as input t0 a simulation of an exposure step performed

using the reticle, and aligning the pseudo-aerial image to the third image.

15. The method of claim 1, wherein detecting the defects comprises applying a resist
threshold band to the third image, segmenting features in the third image into main
features, assist features, and other features based on results of said applying, segmenting
the first and second images based on positions of the man features, the assist features,
and the other features m the third image and alignment of the third image to the first and
second images thereby producing different segruents for the frst and second unages, and
detecting defects in at least two of the different segments in the first and second images
with different sensitivities determined based on whether the main foatures or the assist

and other features are located in the at least two of the different segments.

16, The method of claim 1, wherein detecting the defects comprises determining if a
defect detected in any one of the first, second, and third images is a real defect, a false

defect, or a nuisance based on signals in at least two of the first, second, and third imuages.

17.  The method of claim 1, wherem said detecting compuises detecting defects in at
least one of the first, second, and third images by comparing the at least one of the first,
sccond, and third images to a reference image for the reticle stored 1n a database, wherein

the reference image is generated by modeling, and wherein said detecting further
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comprisecs altering the modeling based on one or more of the first, second, and third

unages.

18. The method of claim I, wherein said detecting comprises altering one or more

parameters of an image processing technigue applied to oune or more of the first, second,
and third images for correcting the one or more of the first, second, and third tmages for
reticle mspection system noise based on one or more other of the first, second, and third

1nages.

19, The method of claim 1, wherein said detecting comprises determining a defect
type of a defect detected in at least one of the first, second, and third images based on a

combination of two or more of the first, second, and third images.

20. A non-transitory computer-readable medium, storing program instructions
cxecutable on a computer system for performing a computer-implemented method for

mspecting a reticle, wherein the computer-implersenied wethod corprises:

acquiring at least first, second, aund third images for the reticle, wherein the fivst
image is a substantially high resohution image of light transmitted by the
reticle, wherein the second 1mage 1s a substantially high resolution 1mage
of light reflected from the reticle, and wherein the third image s an image
of light transmitted by the reticle that is acquired with a substantially low

numerical aperture; and

detecting defects on the reticle using at least the first, second, and third fmages for

the reticle in combination.
21 A reticle inspection system, comprising:
one or more optical subsystems configured to acquire at least first, second, and

third images for the reticle, wherein the first image 18 a substantially high
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resolution image of light transmitted by the reticle, wherein the second
fmage 1s a substantially high resolution image of light reflected from the
reticle, and wheretn the third image is an tmage of light transmitted by the

reticle that 1s acquired with a substantially low numerical aperture; and
one or more computer subsystoms configured for detecting defects on the reticle
using at least the first, second, and third iroages for the reticle n

combination.
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