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DEFECT SIGNAL TO NOISE ENHANCEMENT BY REDUCING DIE TO DIE PROCESS
NOISE

CROSS-REFERENCE TO RELATED APPLICATIONS

{0001} This application claims priority to the provistonal patent application filed December
9, 2015 and assigned U.S. App. No. 62/265,019, the disclosure of which is hereby incorporated by

reference.

FIELD OF THE DISCLOSURE

[0002] This disclosure relates to image processing,
BACKGROUND OF THE DISCLOSURE

{0003} Wafer inspection systems help a semiconductor manufacturer increase and maintain
integrated circuit (1C) chip vields by detecting defects that oceur during the manufacturing process.
One purpose of 1nspection systems is to monitor whether a manufacturing process meets
specifications. The inspection system indicates the problem and/or the source of the problem if the
manufacturing process is outside the scope of established norms, which the semiconductor

manufacturer can then address.

{0004} Evolution of the semiconductor manufacturing industry is placing ever greater
demands on yield management and, in particular, on metrology and inspection systems. Critical
dimensions are shrinking while wafer size is increasing. Economics 1s driving the industry to
decrease the time for achieving high-~vield, high-value production. Thus, minimizing the total time
from detecting a yield problem to fixing it determines the return-on-investment for the

semiconductor manufacturer,
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{6005] Defects can be detected by comparing an image of a wafer to a reference image.
However, different fayers in a semiconductor wafer have different thicknesses. Even the same layer
of a semiconductor wafer can have different thicknesses. Thickness variation can affect the gray
level of an image because layer thickness affects reflectivity. Die-to-die material thickness variation
can result in a different reflectivity between two of the dies, which leads to a different background

gray level value for the images of the dies. This can be referred to as process variation.

{0006} Color variation or noise is an example of process variation. It is difficult to correct
color variation or noise. This can make it impossible to identify the best mode for defect inspection

because the defect cannot be seen in the color noise.

10007} Process variation can make it difficult to find defects and may result in false
positives. Increasing tolerance in a histogram can result in loss of some of the defects. Therefore,

what is needed is an improved image processing technique.
BRIEF SUMMARY OF THE DISCLOSURE

{0008] In a first embodiment, a system is provided. The system comprises a stage
configured to hold a wafer; an image generation system configured to generate a test image; an
electronic data storage unit in which at least one reference image is stored; and a controller in
electronic communication with the image generation system and the electronic data storage unit.
The test image is an image of a portion of the wafer. The controller is configured to: receive the test
image from the image generation system and the reference image from the electronic data storage
unit; calculate a gray level histogram for the test irnage; calculate a gray level histogram for the
reference image; adjust the gray level histograms of the test image and the reference image by
histogram scaling whereby parameters related to the histogram scaling are generated, apply the

parameters to the test image and the reference image; and compare the reference tmage and the test

2
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image to produce a difference image after the parameters are applied to the test image and the

reference image.

{0009} The controller can include a processor and a communication port in electronic

communication with the processor and the electronic data storage unit.

{0010} The 1mage generation system can be configured to use at least one of an electron
beam, a broad band plasma, or a laser to generate the test image. The image generation system can
be part of a scanning electron microscope. The image generation system can be configured to use

one of bright tield or dark field illumination.

{6011} The histogram scaling can be configured to subtract a mean, multiply by a gain

factor, and add a constant intensity offset.

0012 The difference image can be generated by subiracting the reference image from the
o >

test image.

{0013} The controller can be further configured to identify a defect on the difference image.
{0014} The test image and the reference image may correspond to a same region of the
wafer.

{0015} The controller can be further configured to: calculate projections for the difference

image perpendicular to an x axis for a first length; calculate projections for the difference image
perpendicular to a y axis for a second length; and mask one or more pixels in the difference image

that exceed an x projection threshold or a vy projection threshold.

{0016} In a second embodiment, a method is provided. The method comprises: receiving a

test image from a system; calculating, using a controller, a gray level histogram for the test image;
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calculating, using the controller, a gray level histogram for a reference image; adjusting, using the
controller, the gray level histograms of the test image and the reference image by histogram scaling
whereby parameters related to the histogram scaling are generated; applying, using the controller,
the parameters to the test image and the reference image; and coroparing, using the controller, the
reference image and the test image to produce a difference image after the parameters are applied to
the test image and the reference image. The test image 1s an image of a portion of a wafer. The test

image may be, for example, a microscope image.

10017} The histogram scaling can include subiracting a mean, multiplying by a gain factor,

and adding a constant intensity offset.

10018} The method can turther comprise identifying, using the controller, a defect on the

difference image.

{00619} The comparing can includes subtracting the reference image from the test image.
10026} The test image and the reference image may correspond to a same region of the
wafer.

{0021} The method can further comprise: calculating projections for the difference image

perpendicular to an x axis for a first length; calculating projections for the difference image
perpendicular to a y axis for a second length; and masking one or more pixels in the difference

image that exceed an x projection threshold or a y projection threshold.
DESCRIPTION OF THE DRAWINGS

10022} For a fuller understanding of the nature and objects of the disclosure, reference
should be made to the following detailed description taken in conjunction with the accompanying

drawings, in which:
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FI1G. 1 1s a flowchart of an embodiment of a method in accordance with the present disclosure;
FIG. 2 shows examples of histogram scaling;

Fi(3. 3 represents an example using the method of FIG. 1;
FIG. 4 15 a flowchart of another embodiment of a method in accordance with the present disclosure;
FIG. 5 represents an example using the method of FIG. 4; and

FIG. 6 1s a block diagram of an embodiment of a defect review system in accordance with the

present disclosure.
DETAILED DESCRIPTION OF THE BISCLOSURE

{0023} Although claimed subject matter will be described 10 terms of certain embodiments,
other embodiments, including embodiments that do not provide all of the benefits and features set
forth herein, are also within the scope of this disclosure. Various structural, logical, process step,
and electronic changes may be made without departing from the scope of the disclosure.

Accordingly, the scope of the disclosure is defined only by reference to the appended claims.

{0024} It may be difficult to detect a particular defect of interest (DOI) because it is “buried”
by process vanation. Embodiments disclosed herein can reduce or eliminate process variation
before a difference image is generated. The technigues disclosed herein can achieve color notse
reduction by adjusting the background gray level of a reference image to an image of part of a wafer
{e.g., a defect image or test image). This enhances sensitivity to the DOL For example, the
techniques disclosed herein provide improved defect inspection even when color is the dominating
noise source, which can improve sensitivity to BOL Finding these DO can increase inspection

efficiency and reliability.

{0025} Besides enhanced sensitivity to DOL the techniques disclosed herein also can assist
with optical mode selection because histogram scaling can reduce the difference of background

noise between the test image and the reference image. If the background is more similar between
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the two images then the difference image will have less variation and, thus, the defect can be more

easily detected because the perturbation 18 more pronounced in a quiet difference image.

{0026} FIG. 1 15 a flowchart of an embodiment of a method 100, A test image is received
101, such as from a defect review system. The test image may be, for example, an image from an
optical microscope or a scanning electron microscope image. A defect on the wafer is included in
the test tmage, but not necessarily in a corresponding reference image. Both the test image and the
reference image cover less than an entirety of the wafer. For example, the test image and the
reference image may show a single die on a wafer. The test image and the reference image can
correspond to one another. For example, the test image and the reference image may show the same

die or same region of the wafer.

{0027} A gray level histogram is calculated 102 for the test image. A gray level histogram is

calculated 103 for a reference image.

{0028} The gray level histograms of the test image and the reference image are adjusted 104
by histogram scaling. Parameters related to the histogram scaling are generated. For example,

parameters like gain and offset are generated to adjust the gray scale of each image.

{0029} FIG. 2 shows examples of histogram scaling. The histogram 500 compare
histograms of a test image (labelled “test”) to a reference image (labelled “reference”™). There are
large differences in the histogram 500 between the test timage and the reference image. The
histogram 501 compares histograms of the test image and the reference image after histogram

scaling. This leads to a smaller difference between the two images.

{06030} In an instance, histogram scaling involves stretching the histogram until it matches
the shape of another histogram. This can include subtracting a mean {e.g., a cumulative distribution

function (CDF)), multiplyving by a gain factor, and then adding a constant intensity offset. The

6
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correction values can be pre-computed to equalize the intensities of two image histograms. For
example, to apply a scaling correction to a given reference image, MaxTest, MaxRef, MeanTest,
MeanRef, MinTest, and MinRef represent the maximum gray level intensity, mean (average) gray
level intensity, and minimum gray level intensity values computed from a given test (“Test”) and
reference (“Ret”) image pair. The original reference umage intensity values (IntensityRef) can be

transformed to new values (IntensityRefNew) as follows.

{(MaxTest — MinTest)
(MaxRef — MinRef)

IntensityRefNew = (intensityRef — MeanRef) + MeanTest

{0031} The resulting new reference image will have less process variation.

10032} In an instance, a CDF of the histograms for the test image and the reference image
are calculated. Since CDFs have a single unique percentage value tor each possible gray level
intensity value (), the two CDFs can be matched point-to-point by computing the intensity
transformation function f{7) that enforces CDF equality across all possible image intensities in

accordance with the following formula.
CDFTest( Intensity ) = CDFRef ( Intensity + f{ Intensity ) )

Using the intensity transformation function, f{{), the reference image can be transtormed as

follows.
IntensitRef New = IntensityRef + f(IntensityRef)

The resulting new reference image may have less process variation. Other histogram scaling

techniques are possible.
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{6033} Turning back to FIG. 1, the parameters from the histogram scaling formula above are

applied 105 to every gray level in the test image and/or every gray level in the reference image.

{0034} After the parameters are applied to the test image and the reference image, the
reference image and the test image are compared 106 to produce a difference image. The
comparison may mnclude subtracting the reference image from the test image. Thus, the difference
image can be configured to be generated by subtracting the reference image from the test image.

The resulting difference image has less noise than a comparison hefore histogram scaling.

{0035} A defect can be identified on the difference image that is produced. For example, a

user or an algorithm can identify a defect in the difference image.

{0036} FIG. 3 represents an example of using the method of FIG. 1. Image 400 is the test
image and image 401 is the reference image. As seen in FIG. 3, image 400 and image 401

correspond to the same region of the wafer. Trnage 400 includes a defect 402.

10037} Subtracting the image 401 from the image 400 results in the difference image 403.

o

noise caused by color in the difference image 403. This makes it difficult to identify the defect 402

{6038} Comparing the reference image 401 and the test image 400 produces the difference
image 404. The comparing can occur after the parameters from histograro scaling, such as those
described in the embodiment of FIG. 1, are applied to the test image 400 and the reference image
401. The signal for the defect 402 1s enhanced in difference 1mage 404 due to color noise reduction.

The difference image 404 has a higher signal to noise value than difference image 403.
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{6039} Applving color attributes as a nuisance event filter also can be performed. For
example, if nuisance events are a result of a process variation, then the nuisance events can be

identified and filiered out.

10040} FI1G. 4 is a flowchart of an embodiment of another method 200, After the reference
image and the test image are compared 106, projections are calculated 201 for the difference image.
This can include calculating projections for the difference image perpendicular to the x axis for a
first fength and calculating projections for the difference image perpendicular to the v axis for a
second length. One or more pixels in the difference image that exceed an x projection threshold or a

y projection threshold can be masked 202, This helps remove noise from the difference image.

10041} FI1G. 5 represents an example of using the method of FIG. 4. Image 600 is the test
image and image 601 is the reference image. As seen in FIG. 6, image 600 and image 601

correspond to the same region of the wafer. Image 600 includes a defect 602 and pattern noise 603.

10042} Subtracting the image 601 from the image 600 results in the difference image 604.
Difference image 604 includes both the defect 602 and pattern noise 603. The pattern noise 603

o

FIG. 1 or FIG. 3.

{0043} Turning back to FIG. 5, projections for the difference image D{(x,y} perpendicular to
the x axis for a first length (Ly) and projections for the difference 1image D(x,y) perpendicular to the
v axis for a second length (L) are calculated. This can be performed using the following two

equations.

Ly

P(x) = ;Z ABS[D(x, )]

9
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{0044} ABS is the absolute value. P(x) and P{y} are the projections measured along a line

perpendicular to the x and the y axis, respectively.

{0045} Pixels that exceed the x or y projection thresholds will be placed in a separate
segment that can be detuned with a higher threshold. For example, one or more pixels in the
difference image that exceed an x projection threshold or a y projection threshold can be masked.
The thresholds can be set based on population statistics computed from the image or based on an
analysis of projection values saved as defect attributes during recipe optimization. An algorithm can
find noisy structures which are elongated along v or x. If the noise exceeds a certain threshold, the

structures are filtered out or masked up (e.g., the structures are not inspected}).

10046} Difference image 605 separates the pattern noise 603 from the DOI (e g., defect 602).
10047} Difference image 606 shows the defect 602 after the noisy structures are removed by

masking pixels that exceed the x or y projection thresholds.

{0048} FIG. 6 is a block diagram of an embodiment of a defect review system 300, The
defect review system 300 includes a stage 304 configured to hold a water 303 or other workpieces.

The stage 304 may be configured to move or rotate in one, two, or three axes,

{0049} The defect review system 300 also includes an image generation system 301
configured to generate an image of a surface of the wafer 303. The image may be for a particular
layer or region of the wafer 303. In this example, the image generation system 301 produces an
electron beam 302 to generate a test timage 303. Other image generation systems 301 are possible,

such as those that use broad band plasma or laser scanning. For example, dark field imaging or

10
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bright field imaging can be performed by the image generation system 301, The defect review

system 300 and/or image generation system 301 can generate a test image of the wafer 303,

10050} As used herein, the term “water” generally refers to substrates formed of a
semiconductor or non-semiconductor material. Examiples of such a semiconductor or non-
semiconductor material include, but are not limited to, monocrystalline silicon, gallium nitride,
gallium arsenide, indium phosphide, sapphire, and glass. Such substrates may be commonly found

and/or processed in semiconductor fabrication facilities.

10651} A water may include one or more layers tformed upon a substrate. For example, such
tayers may include, but are not limited to, a photoresist, a dielectric matenial, a conductive matenal,
and a semiconductive material. Many different types of such layers are known in the art, and the

term water as used herein 15 intended to encompass a wafer including all types of such layers.

10052} One or more layers formed on a wafer may be patterned or unpatterned. For
example, a wafer may include a plurality of dies, each having repeatable patterned features or
periodic structures. Formation and processing of such layers of material may ultimately result in
completed devices. Many different types of devices may be formed on a wafer, and the term wafer
as used herein 1s intended to encompass a wafer on which any type of device known in the art 1s

being fabricated.

[0053] Tn a particular example, the defect review system 300 is part of or is a scanning
electron microscope {(SEM). Images of the wafer 303 are generated by scanning the wafer 303 with
a focused electron beam 302, The electrons are used to produce signals that contain information
about the surface topography and composition of the wafer 303. The electron beam 302 can be
scanned in a raster scan pattern, and the position of the electron beam 302 can be combined with the

detected signal to produce an image.

t
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{0054] The defect review system 300 communicates with a controller 305, For example, the
controller 305 can communicate with the image generation system 301 or other components of the
defect review system 300. The controller 305 can include a processor 306, an electronic data
storage unit 307 in electronic communication with the processor 306, and a communication port 308
in electronic communication with the processor 306, It is to be appreciated that the controller 305
may be implemented in practice by any combination of hardware, software, and firmware. Also, its
functions as described herein may be performed by one unit, or divided up among different
components, each of which may be implemented in turn by any combination of hardware, software
and firtmware. Program code or instructions for the controller 305 to implernent the various methods
and functions described herein may be stored in controtler readable storage media, such as a
memory in the electronic data storage unit 307, within the controller 305, external to the controller

305, or combinations thereof.

10055] The controller 305 may be coupled to the components of the defect review system
300 in any suitable manner (e.¢., via one or more transmission media, which may include “wired”
and/or “wireless” transmission media) such that the controller 305 can receive the cutput generated
by the defect review system 300, such as output from the imaging device 301, The controller 305
may be configured to perform a number of functions using the output. For instance, the controller
305 may be configured to review defects on the wafer 303 using the cutput. In another example, the
controller 305 may be configured to send the output to an electronic data storage unit 307 or another
storage medium without performing defect review on the output. The controller 305 may be further

configured as described herein, such as to perform the embodiments of FIG. 1 or FIG 4.

{0056} The controller 305, other system(s}), or other subsystem(s) described herein may take
various forms, including a personal computer system, image computer, mainframe computer system,

workstation, network appliance, internet appliance, or other device. In general, the term “controller’

may be broadly defined to encompass any device having one or more processors that executes
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instructions from a memory medium. The subsystem(s) or system(s} may also include any suitable
processor known in the art, such as a parallel processor. In addition, the subsystem({s) or system{s)
may include a platform with high speed processing and software, either as a standalone or a

networked tool,

{0057} If the system includes more than one subsystem, then the different subsystems may
be coupled to each other such that images, data, information, tnstructions, etc. can be sent between
the subsystems. For example, one subsystem may be coupled to additional subsystem(s}) by any
suitable transmission media, which may include any suitable wired and/or wireless transmission
media known in the art. Two or more of such subsystems may also be effectively coupled by a

shared computer-readable storage medium (not shown).

{06058} An additional embodiment relates to a non-transitory computer-readable medium
storing program instructions executable on a controller for performing a computer-implemented
method for identifying abnormalities on a wafer or detecting compliance/non-compliance, as
disclosed herein. In particular, as shown in FIG. 6, electronic data storage unit 307 or other storage
medium may contain non-transitory computer-readable medium that includes program instructions
executable on the controller 305, The computer-implemented method may include any step(s) of

any method(s) described herein, including those of FIG. 1 or FIG. 4.

{6059} Program instructions implementing methods such as those described herein may be
stored on computer-readable medium, such as in the electronic data storage unit 307 or other storage
medium. The computer-readable medium may be a storage medium such as a magnetic or optical
disk, a magnetic tape, or any other suitable non-transitory computer-readable medium known in the

art.

10060} The program nstructions may be implemented in any of various ways, including

procedure-based techniques, component-based techniques, and/or object-oriented technigues, among
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others. For example, the program instructions may be implemented using ActiveX controls, C++
objects, JavaBeans, Microsoft Foundation Classes (“MFC”), SSE (Streaming SIMD Extension), or

other technologies or methodologies, as desired.

10061} Controller 305 may be configured according to any of the embodiments described
herein. For example, the controller 305 may be programmed to perform some or all of the steps of

FIG. 1 or FIG. 4.

{0062} While disclosed as part of a defect review system, the controller 305 described herein
may be configured for use with inspection systems. In another embodiment, the controller 305
described herein may be configured for use with a metrology system. Thus, the embodiments of as
disclosed herein describe some configurations for classification that can be tailored in a number of
manners for systems having different imaging capabilities that are more or less suitable for different

applications.

{0063} Each of the steps of the method may be performed as described further herein. The
methods also may include any other step(s) that can be performed by the controller and/or computer
subsystem({s) or system(s) described herein. The steps can be performed by one or more computer
systems, which may be configured according to any of the embodiments described herein. In
addition, the methods described above may be performed by any of the system embodiments

described herein.

{0064] Although the present disclosure has been described with respect to one or more
particular embodiments, 1t will be understood that other embodiments of the present disclosure may
be made without departing from the scope of the present disclosure. Hence, the present disclosure i3

deemed limited only by the appended claims and the reasonable interpretation thereof.

14
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What is claimed is:

1. A system comprising:
a stage configured to hold a wafer;
an image generation system configured to generate a test image, wherein the test image is an
image of a portion of the wafer;
an electronic data storage unit in which at least one reference image ts stored, and
a controller in electronic communication with the image generation system and the electronic
data storage unit, wherein the controller is configured to:
receive the test image from the image generation system and the reference image from the
electronic data storage unit;
calculate a gray level histogram for the test image;
calculate a gray level histogram for the reference 1image;
adjust the gray level histograms of the test image and the reference image by histogram
scaling whereby parameters related to the histogram scaling are generated;
apply the parameters to the test image and the reference image; and
compare the reference image and the test image to produce a ditference image after the

parameters are applied to the test image and the reference image.

v

The system of claim 1, wherein the controller includes a processor and a communication port in

electronic communication with the processor and the electronic data storage unit.

3. The system of claim 1, wherein the image generation system is part of a scanning electron

MICroscope.

4. The system of claim 1, wherein the image generation system is configured to use at least one of

an electron beam, a broad band plasma, or a laser to generate the test image.
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5. The system of claim 1, wherein the image generation system is configured to use one of bright

field or dark field illumination.

6. The systerm of claim 1, wherein the histogram scaling is configured to subtract a roean, multiply

by a gain factor, and add a constant intensity offset.

7. 'The system of claim 1, wherein the difference tmage is configured to be generated by

subtracting the reference image from the test image.

8 The system of claim 1, wherein the controller is further configured to identify a defect on the

difference image.

9. The system of claim 1, wherein the test image and the reference image correspond to a same

region of the wafer.

10. The system of claim 1, wherein the controller is further configured to:
calculate projections for the difference irage perpendicular to an x axis for a first length;
calculate projections for the difference image perpendicular to a v axis for a second length; and
mask one or more pixels in the difference image that exceed an x projection threshold ora y

projection threshold.

11. A method comprising:
recetving a test image from a system, wherein the test image is an image of a portion of a wafer;
calculating, using a controller, a gray level histogram tor the test image;
calculating, using the controller, a gray level histogram for a reference image;
adjusting, using the controller, the gray level histograms of the test image and the reference
image by histogram scaling whereby parameters related to the histogram scaling are

generated;

16
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applying, using the controller, the parameters to the test image and the reference image; and
comparing, using the controlier, the reference image and the test image to produce a difference

image after the parameters are applied to the test image and the reference image.

The method of claim 11, wherein the histogram scaling includes subtracting a mean, multiplying

by a gain factor, and adding a constant intensity offset.

. The method of claim 11, further comprising identifying, using the controller, a defect on the

difference image.

The method of claim 11, wherein the test image is a microscope image.

. The method of claim 11, wherein the comparing includes subtracting the reference image from

the test image.

The method of claim 11, wherein the test image and the reference image correspond to a same

region of the wafer.

The method of claim 11, further comprising:

calculating projections for the difference image perpendicular to an x axis for a first length;

calculating projections for the difference image perpendicular to a y axis for a second length;
and

masking one or more pixels in the difference image that exceed an x projection thresholdoray

projection threshold.
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