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PPARATUS AND METHOD FOR A LURE INSPECTION
EMI R DEV

Related Applications
This application is based on U.S. Provisional Patent Application serial number
60/090,137, filed on June 22, 1998.

Field of the Invention
The present invention relates to the field of inspection of semiconductor devices.
More particularly, the invention involves detection of contact failures such as not-open

contact holes using a scanning electron microscope.

Background of the Invention

Integrated circuits are manufactured by first forming discrete semiconductor
devices within silicon wafers. A multi-level metallic interconnection network is then
formed in the devices contacting their active elements and connecting them together to
create the desired circuits. The interconnection layers are formed by depositing an
insulating layer over the discrete devices, patterning and etching contact openings into
this layer, and then depositing conductive material into the openings. A conductive layer
is then typically applied over the insulating layer. The conductive layer is then patterned
and etched to form interconnections between the device contacts to create a first level of
circuitry. Deposition of an insulating layer, formation of contact holes or via holes,
formation of conductive material layers, and patterning, etc., are repeatedly carried out to
create multi-level circuitry.

Depending upon the complexity of the overall integrated circuit, many levels, e.g.,
two to four levels, of metal are typically required to form the necessary interconnections

and to connect the interconnections to contact pads which allow for the external
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connections to the completed circuit. A high density of integrated circuits designed to
sub-micron dimensions requires extremely precise dimensional control and highly
sensitive inspection methods to inspect the pattern of interconnections and/or the contact
holes to assure the dimensional and structural integrity of the design patterns. These
requirements are becoming more strict as circuits become more dense and miniaturized,
such as with the mass-production of semiconductor memory devices such as 64M DRAM
or 256M DRAM, which presently can typically require circuitry dimensions of 0.25 to
0.30 um. |

Inspection of contact holes for conditions such as not-open conditions is
becoming increasingly important because the aspect ratio (A/R);of a contact hole, i.e., the
ratio of its depth to its diameter, has increased with the increasing demand for high
density in semiconductor devices. However, normal optical microscopy using 488 nm
wavelength visible light has a technical limitation in inspecting the inner features of
contact holes because it does not permit a high enough degree of resolution to inspect
inside features of the contact holes, which can be on the order of 200nm or less in size.

Optical microscopy is also not capable of providing beam spot size of 1 zm or less.

Summary of the Invention

An object of the present invention is to provide a contact failure inspection
method and apparatus for semiconductor devices which provides for precise contact
failure inspection for contact images by means of digitized values, not via naked eyes or
microscope, which substantially obviates one or more problems due to the limitations and
the disadvantages of the related art.

Another object of the present invention is to provide a contact failure inspection
method for semiconductor devices and a contact failure inspection system for detecting
the presence of contact failures for contacts having high aspect ratio, i.e., the ratio of a

contact hole depth to its diameter.
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Still another object of the present invention is to provide a contact failure
inspection method for semiconductor devices and a contact failure inspection system for
detecting contact failures on a wafer surface in a short time so as to be applied in mass
production settings.

A further object of the present invention is to provide a method of manufacturing
semiconductor devices using a contact failure inspection method and contact failure
inspection system.

Another object of the present invention is to provide a contact failure inspection
method and system for quickly detecting the location of contact failures to improve the
production yield of semiconductor devices.

Another object of the present invention is to provide an ifxspection method and an
inspection system for detecting the presence of pattern failures in semiconductor devices
as well as photoresist pattern failures after a development processing during a .
photolithography process.

To achieve these and other objects, the present invention is directed to a method
and apparatus for inspecting at least a portion of a semiconductor wafer. In the invention,
scanning electron microscope (SEM) image data for the portion of the semiconductor
wafer are read. Within the SEM image data, image data for a feature on the wafer are
identified. A parameter related to the feature is computed and compared to a range of
acceptable values for the parameter. Based on the comparison between the parameter and
the range of acceptable values, the feature can be classified.

In one embodiment, the computed parameter is the dimension or size of the
feature. For example, where the feature is a contact hole in an integrated circuit, the
parameter may be the diameter of the hole measured in image data pixels. For example, a
particular contact hole may be determined to be twenty pixels wide. In another
embodiment, the parameter can be an average pixel intensity for pixels that are within the

feature. Again, for example, where the feature is a contact hole, the parameter can be the



10

15

20

25

average of the pixel intensities for the pixels that are associated with the contact hole.
Where the measured parameter is within the range of acceptable values for the parameter,
the feature can be classified as acceptable. Where the parameter is outside the range of
acceptable values for the parameter, the feature can be classified as a failure. For
example, where the feature is a contact hole, the hole can be concluded to be a failure
because, for example, it is not open.

In one embodiment of the invention, two parameters are calculated for the feature.
The two parameters can be, for example, a dimension of a feature such as a contact hole,
measured in pixels associated with the feature. The second parameter can be the average
of the pixel intensities for the pixels associated with the feature. - Both parameters are
compared with predetermined ranges of acceptable values for the parameters. In one
embodiment, where both parameters are simultaneously within their respective acceptable
ranges, the feature, e.g., contact hole, can be classified as being acceptable. For example,
a contact hole under these circumstances can be classified as open and properly sized and
shaped. The relationship between the parameters and their respective ranges can be used
to classify the feature as belonging to one of several types or categories. For example,
each of the parameters can be used to classify a feature based on whether the parameter is
below, within or above its acceptable range of values.

In one embodiment, the SEM image data are generated from both secondary
electrons and higher-energy backscattered electrons in the scanning electron microscope.
The data values are digitized and can be in the form of digitized grey scale pixel levels or
color coded pixel values.

In one embodiment of the invention, a grid or mesh structure is used to
characterize the features being inspected, such as by determining location and/or size of
features being inspected. The grid or mesh structure typically includes a pair of mutually
orthogonal axes superimposed over the image of the portion of the wafer being analyzed.

Alternatively, the mesh axes can form any other appropriate geometric relationship, €.g.,
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triangular, trapezoidal, etc. In one embodiment, the mesh location procedure determines
location, shape and/or periodic patterns of the features by analyzing pixel values along a
line parallel to one of the orthogonal axes which is successively positioned at pixel
locations along the other orthogonal axis. For example, the mesh approach may include
positioning a vertical line at multiple horizontal pixel positions and adding the vertical
pixel intensity values at each horizontal position. The summed intensities can be
compared at each horizontal position to identify an increase in intensity which can be
used to indicate the presence of a feature such as a contact hole. This process can be
repeated for a plurality of pixel positions along a single dimension. It can then be
repeated in the orthogonal dimension such that the pattern, shape and size of all of the
features can be determined.

This approach can also be used to determine the optimal size of a sub-grid or
mesh unit containing features to be analyzed. For example, the mesh procedure can be
used to select the optimal size of a mesh unit in pixels containing one hundred contact
holes to be analyzed at a time. This approach makes the processing of the invention for
inspecting features much more efficient in that unnecessary processing can be eliminated
by optimizing the area of each region to be inspected.

In one embodiment, the SEM image pixel data are used to compute an intensity
profile for each feature, i.e., contact hole, being inspected. In one embodiment, the
intensity profile is first generated by summing pixel intensity values for a feature along
one orthogonal axis at each of a plurality of pixel positions disposed along the orthogonal
rectangular axis. For example, at each horizontal pixel position, the pixel intensity values
in the vertical direction are summed, averaged and plotted versus the horizontal axis
pixel position. The pixel intensity profile can then be used to classify the feature in
accordance with the invention.

In one embodiment, to normalize the intensity profiles for all of the features, the

background intensity value is subtracted from all of the intensity values in each mesh
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unit. This has the effect of lowering the background value of each intensity profile to
zero. Next, a threshold can be set in the normalized profile such that pixel intensities
above the threshold are concluded to be associated with the feature being inspected.
Next, the first and second parameters identified above can be computed from the profile.
For example, the dimension of the feature can be calculated by counting the number of
pixel positions along a first dimension which have summed intensity values in the
orthogonal dimension that exceed the threshold. Since it is assumed that pixel intensity
sums that exceed the threshold are associated with the feature, then the number of pixel
positions having sums that exceed the threshold gives a measurement of a dimension of
the feature, measured in pixels. The second parameter can be computed by computing an
average of the intensity values that exceed the threshold. These two parameters can be
compared to their respective predetermined ranges of acceptable values in order to
classify the particular feature as belonging to one of the predetermined feature type
classifications.

The inspection method and system of the invention provide numerous advantages
over prior approaches. For example, certain prior approaches use optical methods such as
optical microscopes or naked-eye examination to detect contact failures. These systems
are unable to resolve small irregularities in features that result in failed circuits. The
scanning electron microscope used in the connection with the present invention provides
far superior resolution such that smaller irregularities can be detected. The invention is
therefore applicable to present circuit features whose sizes are in the sub-micron range.
Also, because of the mesh approach of the invention, the pixel data processing of the
invention is extremely efficient. Processing and failure identification can be performed
very efficiently and quickly such that the inspection method and system of the invention
are highly applicable to wafer and circuit mass production settings.

In another aspect, the present invention is directed to a contact failure inspection

method for semiconductor devices which comprises the steps of setting a processing
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cassette mounted with wafers having a f)lurality of contact holes formed on its surface;
picking out a specific wafer from the cassette and loading it onto a stage inside a
reference chamber of the SEM; aligning the loaded wafer for electron beam scanning;
moving the stage mounted with the wafer to a specific position related to an incidence
direction of electron beam of the SEM; opening a shutter for scanning electron beam onto
a specific position of the wafer; auto-addressing for detecting inspection position by
recognizing a pre-patterned reference image formed on the wafer; scanning the electron
beam of the SEM onto the inspection position; auto-focusing for obtaining a further clear
image by repeating the electron beam scanning; closing the shutter for isolating the auto-
focused wafer from the electron beam; inspecting a contact faillfre by comparing the
electron signal value detected from a unit surface containing at least one contact hole
after scanning electron beam with an electron signal value defining a normal contact;
further inspecting a contact failure in other position of the wafer by moving the stage to
other position and repeating the same steps; and further inspecting a contact failure for all
the wafers inside the cassette by unloading the finished wafer and loading other wafers
into the reference chamber and repeating the same steps.

According to another aspect of the present invention, a method of manufacturing
semiconductor devices comprises the steps of forming contact holes for specific
insulating material layers formed on a semiconductor substrate; inspecting the contact of
each contact hole by comparing the electron signal value detected from the surface
including at least one contact hole with an electron signal value corresponding to a
normal contact; and carrying out the subsequent processing for semiconductor devices
fabrication process after charging conductive material layers inside the contact holes after
the inspection.

The contact failure inspection step can be carried out for a specific sampling
location on the semiconductor substrate, for example, to apply the contact failure

inspection step to the mass-production line. After completing the development
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processing for the photoresist pattern formation, the failure inspection step can be further
carried out for the bottom of the photoresist pattern for contact hole formation.
According to yet another aspect, the present invention includes a method of
manufacturing semiconductor devices which comprises the steps of forming a photoresist
contact hole pattern in order to form contact holes for insulating material layers formed
on a semiconductor substrate; and inspecting the contact of each contact hole by
comparing the electron signal value detected from a unit area including at least one
contact hole pattern with an electron signal value corresponding to normal contact

pattern.

Brief Description of the Drawings

The foregoing and other objects, features and advantages of the invention will be
apparent from the more particular description of preferred embodiments of the invention,
as illustrated in the accompanying drawings in which like reference characters refer to the
same parts throughout the different views. The drawings are not necessarily to scale,
emphasis instead being placed upon illustrating the principles of the invention.

FIG. 1 is a schematic block diagram which illustrates operation of a scanning
electron microscope (SEM).

FIG. 2 is a schematic graphical representation showing the energy spectrum of the
electrons emitted, including secondary electrons and backscattered electrons, in an SEM
when a reference is irradiated by an electron beam.

FIG. 3 is a schematic block diagram which illustrates a configuration of an in-line
SEM.

FIG. 4 is a schematic block diagram showing one embodiment of a contact failure

inspection system for semiconductor devices in accordance with the present invention.
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FIG. 5 is a schematic block diagram showing an alternative embodiment of a
contact failure inspection system for semiconductor devices in accordance with the
present invention.

FIG. 6 is a schematic block diagram showing another altemative embodiment of a
contact failure inspection system for semiconductor devices in accordance with the
present invention.

FIG. 7 is a schematic block diagram showing another alternative embodiment of a
contact failure inspection system for semiconductor devices in accordance with the
present invention.

FIG. 8 is a schematic functional block diagram showing one embodiment of a
contact failure inspection method and system in accordance with the present invention.

FIG. 9 is a schematic functional block diagram showing another embodiment of a
contact failure inspection method and system in accordance with the present invention.

FIG. 10 is a schematic functional block diagram showing another embodiment of

a contact failure inspection method and system in accordance with the present invention.

FIG. 11 contains a schematic flow chart which illustrates the logical flow of one
embodiment of a contact failure inspection method for semiconductor devices in
accordance with the present invention.

FIG. 12 contains a schematic flow chart which illustrates the logical flow of an
alternative embodiment of a contact failure inspection method for semiconductor devices
in accordance with the present invenﬁon.

FIG. 13 contains a schematic flow chart which illustrates the logical flow of
another alternative embodiment of a contact failure inspection method for semiconductor
devices in accordance with the present invention.

FIG. 14 contains a schematic flow chart which illustrates the logical flow of
another alternative embodiment of a contact failure inspection method for semiconductor

devices in accordance with the present invention.
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FIG. 15 is a schematic diagram illustrating a pattern of chip sampling locations on
a wafer for contact failure inspection according to one embodiment of the present
invention.

FIG. 16 is a schematic diagram illustrating detail of sampling regions within one
of the chip sampling locations of FIG. 15.

FIG. 17 is a schematic cross-sectional view of a semiconductor device having
contact holes formed therein which can be used with the contact failure inspection
according to one embodiment of the present invention.

FIG. 18 illustrates SEM image data for contact holes after mesh is set by a contact
location recognition method according to oie embodiment of thé present invention.

FIG. 19 schematically illustrates a mesh set to carry out the contact recognition
method according to one embodiment of the present invention.

FIG. 20 schematically illustrates a mesh set to carry out the contact recognition
method according to an alternative embodiment of the present invention.

FIG. 21 is a schematic representation of a relationship between a contact unit and
horizontal and vertical pixel units according to one embodiment of the present invention.

FIG. 22 contains an intensity profile of a contact unit before background value
removal according to one embodiment of the present invention.

FIG. 23 contains an intensity profile of the contact unit of FIG. 22 after
background value removal.

FIG. 24 contains an intensity profile of a SEM image of contact units after
background value removal.

FIG. 25 contains a chart of codes identifying results of contact failure inspection
according to one embodiment of the present invention. |

FIG. 26 contains a chart showing a portion of results of contact failure inspection

according to one embodiment of the present invention.
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FIG. 27 contains a flow chart illustrating the logical flow of a semiconductor
device processing sequence according to one embodiment of the present invention.

FIG. 28 is a schematic block diagram illustrating a logical flow of one
embodiment of a contact inspection method in accordance with the present invention.

FIG. 29 is a schematic flow chart illustrating a logical flow of the reading of
scanning electron microscope image data in accordance with the method of FIG. 28.

FIGs. 30A -30D contain a schematic flow chart illustrating the logical flow of
recognizing contact hole positions in accordance with the method of FIG. 28,

FIGs. 31A-31D contain a schematic flow chart illustrating the logical flow of
calculating contact hole profiles in accordance with the method of FIG. 28.

FIGs. 32A-32B contain a schematic flow chart illustrating the logical flow of

inspecting contact holes in accordance with the method of FIG. 28.

Detailed Description of the Preferred Embodiments

FIG. 1 contains a schematic block diagram of a scanning electron microscope
system 100 which can be used in accordance with the present ihvention to inspect contact
holes in semiconductor devices.

Referring to FIG. 1, an electron gun 102 projects an electron beam through a
condenser lens 104. The beam passes through a deflection coil 122, an iris 106 of an
object lens 108 and a shutter 124. The focused electron beam is projected onto and
scanned over a reference or specimen surface 110, which can be the surface of a
semiconductor wafer being inspected. Secondary electrons and back scattered electrons
emitted from the reference are detected in a signal detector 112, which generates signals
indicative of the received electrons. The detected electron signal is amplified in a signal
amplifier 114. The amplified signal can be scanned on the fluorescent surface inside a

cathode ray tube (CRT) 118 such that a visible image of the reference surface is formed.
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Scanning of the CRT 118 is controlled by a deflection coil 116 which is correlated
to the scanning of the reference surface controlled by the deflection coil 122. In the
SEM, the scanning surface of the reference is divided into fine pixels and the electron
signals detected by each pixel element are time-series transferred so as to form the SEM
image. To this end, the electron signal passing through the signal amplifier 114 is
transferred to a scanning circuit 120 so that the deflection angle of the electron beam is
controlled in the second deflection coil 122. '

In addition, the amplified electron signal data for each pixel can be transferred to a
processing unit 115 which can perform various signal conditioning and processing
functions. The processing unit 115 can convert the electron signal for each pixelto a
discrete grey scale or color coded value used to create an image. The grey scale value can
assume one of 256 possible levels digitally encoded by a binary value between 0 and 255.
A memory can be used to store the grey scale values for each pixel. A computer, also
part of the processing unit, can process the image values as desired. In one configuration,
the computer can be programmed to analyze the grey scale data to perform the contact
inspection of the invention as described in detail herein.

FIG. 3 contains a schematic block diagram showing features of an in-line SEM
system in which contact inspection can be performed #n-line[ ] In prior processes, SEM
image data are gathered and analyzed off-line, i.e., aside from the manufacturing process.
Because the in-line approach of the invention has greatly improved efficiency, the SEM
image data can be gathered and analyzed during the manufacturing process. Thus,
additional inspection steps used in prior approaches are eliminated. The in-line SEM
system includes an electron optical section, a reference section, a vacuum section, and an
electric section. The electron optical section includes an electron beam generator 14, an
electron beam deflector 15, and a signal detector 16. The reference section includes a
reference transferring portion 12 for transferring the reference, i.e., wafer, from a cassette

to a reference chamber and a reference aligning portion 13. The vacuum section includes
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a vacuum formation portion 11 for maintaining a vacuum inside the reference chamber.
The electrical section includes a main computer 10 having a main controller 21 for
controlling the electron optical section, the reference chamber, the vacuum section and
other system components. The electrical section also includes a main storage unit or
memory 22 which can store the detected signal data values from the signal detector 16,
and a main display 19 for displaying images generated from the detected electron signal.
An automatic focus controller 18 carries out auto-focusing to provide clear images.

In a typical scanning electron microscope, the electron beam irradiates the
reference surface, and secondary electrons are generated and are emitted from the
reference surface. The electrons from the beam can also be scattered from the surface.
FIG. 2 shows an energy spectrum of the electrons emitted and scattered from the
reference when the reference is irradiated. As shown in FIG. 2, the highest number of
secondary electrons (SE) are found in the electron energy band of less than 50 eV, and
most of the backscattered electrons (BSE) are found in a much higher energy band.
Widely available in-line SEM uses the secondary electrons (SE) generated in the low
energy band of about 20 eV such that images of the surfaces and edges are clear.
However, in the case of inspecting features such as contact holes with high aspect ratios,
i.e., the ratio of the hole's depth to its diameter, the secondary electrons generated inside
the contact holes may dissipate while they pass through contact holes, such that the
images of the contact holes are not clear. Since these features are typically examined
optically with the naked eye, clear images are essential to contact failure detection.

FIGs. 4-7 contain schematic block diagrams of various embodiments of contact
failure inSpéction systems for semiconductor devices according to the present invention.
The system of FIG. 4 contains some of the same components as the in-line SEM shown in
FIG. 3. However, it also includes a contact failure inspection module 60 within a main
computer 20. As described above, the structure of the in-line SEM includes an electron

optical section including an electron beam generator 14, an electron beam deflector 15
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and a signal detector part 16. The signal detector preferably uses a detector capable of
detecting both secondary electrons (SE) and backscattered electrons (BSE) emitted after
irradiation of the reference by the electron beam. The system also includes a reference
chamber including a reference aligning portion 13 for rotating or tilting the stage on
which the reference wafer to be inspected is positioned while moving it along X, Y and Z
axes. A vacuum formation portion 11 maintains the vacuum state of the reference
chamber at a desired level. A reference transferring portion 12 transfers the reference to
the reference chamber. The electrical section includes a main computer 20 having a main
controller part 21 for controlling the electron optical section, the reference chamber, the
vacuum formation part 11 and other subsystems. A main storage unit or memory 22
stores the signal detected from the signal detector 16. A main display 19 displays an
image derived from the detected electron signal. An automatic focus controller 18
automatically carries out the focus operation for clear image display. This embodiment
also includes the contact failure inspection module 60 for analyzing the information
contained in the electron signal transferred from the signal detector 16 and stored the
main computer 20 to inspect contacts in accordance with the invention.

FIG. 5 illustrates another embodiment of a contact failure inspection system for
semiconductor devices according to the present invention. The system of FIG. 5 also
confains some of the same components as the in-line SEM of FIG. 3. Some differences
are that it also includes a contact failure inspection module 60 and a contact critical
dimension (CD) measurement module 70, which can be inside a main computer 20. A
critical dimension is a dimension of a particular feature being inspected. For example, in
the case of round holes, the critical dimension could be the diameter of the hole. In one
embodiment, the contact critical dimension (CD) measurement module 70 measures by
comparing the contact diameter from contact images generated by the SEM with pre-

stored standard values.
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FIG. 6 illustrates yet another embodiment of a contact failure in-line inspection
system for semiconductor devices according to the present invention. The system of FIG.
6 also contains some of the same components as the in-line SEM of FIG. 3. Some
differences are that it can also include a sub-computer 80 interfaced with a main
computer 10 and a contact failure inspection module 60 inside the sub-computer 80. The
sub-computer 80 can use a standard commercially available personal computer and can
include a sub-display and a sub-storage unit or memory. The presence of contact failures
can be detected by the contact failure inspection module 60 in the sub-computer 80
analyzing data from the contact electron signal which can be stored in the main storage
unit 22.

FIG. 7 illustrates another embodiment of a contact failure inspection system for
semiconductor devices according to the present invention. The system of FIG. 7 also
contains some of the same components as the in-line SEM of FIG. 6 having a sub-
computer 80 interfaced with a main computer 40. It also has a contact failure inspection
module 60 in the sub-computer 80 and a contact CD measurement module 70 in the main
computer 40.

FIGs. 8-10 contain schematic functional block diagrams showing various
embodiments of contact failure inspection modules 60 according to the present invention.
Referring to FIG. 8, a contact failure inspection module 60 can include a SEM signal
reading module 60a which receives the SEM signal indicative of electrons received from
a wafer while being irradiated by the electron beam. A contact location recognition
module 60d analyzes the SEM signal to determine the locations of contact holes and/or
other features to be inspected. A contact profile calculation and background removal
module 60e generates intensity profiles for the contact holes using the SEM signal data.
The intensity profile is typically normalized by removing data caused by background
intensity effects such that the intensity profile shape can be examined independent of

background effects. A contact failure inspection module 60f analyzes the intensity
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profiles for the contact holes to identify contact failures. In one embodiment, as
described below in detail, the average intensity value for the contact is compared to a
predetermined threshold to identify a failure. A result display module 60g can display
results of the failure analysis.

In one embodiment, the SEM signal reading module 60a reads the digitized
electron signal information for contacts which is stored in the main storage unit or
memory 22 of the main computer 20. The in-line SEM digitizes the intensity of the
electron signals detected by the scanning of the electron beam and stores the intensities as
grey scale or color coded levels. In one system, the grey scale value assigned to each
pixel is one of 256 possible values, ranging from 0 to 255. The highest intensity is
defined as 255 and the lowest intensity is defined as 0. The digitized intensity values are
color-coded, i.e., grey scale, by each pixel element. The contact images are produced by
reading the grey scale value for each pixel in time-series and displaying the pixel images
on a cathode ray tube, a monitor and/or a printer. The grey scale can be converted to
color for color display.

Referring to FIG. 9, the embodiment of the contact failure inspection module
depicted therein includes modification to the embodiment of FIG. 8. In FIG. 9, the
contact profile calculation module 60e (1) and background value removal module 60¢ (2)
are provided as separate modules as opposed to the combined module 60e shown in FIG.
8.

FIG. 10 is a schematic functional block diagram showing another embodiment of
the contact failure inspection module 60 according to the present invention. Referring to
FIG. 10, the contact failure inspection module 60 includes a graphic file transmission
network module 60b, a graphics file-to-SEM signal conversion module 60c, a contact
location recognition module 60d, a combined contact profile calculation and background
value removal module 60e, a contact failure inspection module 60f and a result display

module 60g.
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Referring to FIG. 6, the graphics file transmission network module 60b is one
means of signal transmission between the main computer 10, 40 and the sub-computer
80. The module 60b converts the information of the digitized electron signal for a contact
stored in the main storage unit 22 of the main computer 10, 40 into a graphics file, and
then transfers it to the sub-computer 80.

The graphics file-to-SEM signal conversion module 60c reads the color code, i.e.,
grey scale, of the graphics file transferred to the sub-computer 80 and converts it into the
digitized SEM signal. The contact location recognition module 60d, the contact profile
calculation and background value removal module 60e, the contact failure inspection
module 60f and the result display module 60g are described as z}bove referring to FIGs. 8
and 9.

FIGs. 11-14 contain flow charts of various embodiments of the contact failure in-
line inspection processing of semiconductor devices by contact failure inspection systems
according to the present invention. Referring to FIG. 11, the contact failure inspection
portion 60 of FIG. 4 performs the contact failure inspection on the wafer having a
plurality of contact holes thereon by using in-line SEM installed in the main computer 40.
First, on the determined location of the in-line SEM, a cassette on which wafers having a
plurality of contact holes are mounted is set (S10). Next, after extracting a wafer to be
inspected from the cassette, it is loaded on the stage inside the reference chamber of the
SEM (S12). Next, the flat of the wafer is aligned. Then, the loaded wafer is aligned the
electron beam scanning (S14), and the stage having the wafer mounted thereon is moved
to be placed on a certain location for the incident direction of the electron beam of the
SEM (S16).

The shutter placed under the object lens is open so as to irradiate the electron
beam on a certain location of the wafer, and auto-addressing is performed (S20). The

auto-addressing recognizes a certain location by applying a pre-patterned standard image
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on the certain location such that the inspection can be performed with respect to the
standard image.

Next, the location to be inspected is irradiated with the electron beam from the
SEM (S22), and the electron beam scanning is repeatedly done by the auto focus
controlling portion for a clear contact image (S24). Then, the shutter is closed in order to
end electron beam scanning of the wafer (S26).

Next, the intensity profile of the electron signal for each contact detected from the
electron beam scanning according to the present invention is inspected (528). It is then
determined whether contact failure inspection should be performed at other locations of
the wafer (§30). If so, flow returns to step S16, and the stage is moved into other
locations of the wafer, and the above steps are repeated. When the contact failure
inspection is completed, the wafer is unloaded (S32). It is determined whether there are
additional wafers to be inspected (S34). If so, another wafer inside the cassette is loaded
in the reference chamber, and the above steps are repeated, thereby carrying out the
contact failure inspection for all the wafers inside the cassetté. If the inspection is
completed for all wafers, the cassette is moved out (S36), thereby finishing the process.

Referring to the embodiment of FIG. 12, the contact failure inspection method for
the wafer having a plurality of contact holes thereon is shown by using the in-line SEM
of FIG. 5 having the main computer 30 in which the contact failure inspection portion 60
and the contact CD measurement part 70 are formed together. The contact failure
inspection is carried out as set forth in FIG. 11, but unlike the embodiment of FIG.11, the
shutter is closed (§26), the contact failure inspection is determined (S27), and the contact
CD measurement (S29) is carried out when not carrying out the contact failure inspection
(S28).

FIG. 13 shows the contact failure in-line inspection method for the wafer having a
plurality of contact holes thereon by using the in-line SEM of FIG. 6 in which the contact

failure inspection portion 60 is in the sub-computer 80, not in the main computer 10. As
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shown in FIG. 13, after the shutter is closed (S26), the SEM signal stored in the main
storage of the main computer is transmitted into the sub-computer, and the necessity of
the contact failure inspection for other location of the wafer is determined (S31). The
sub-computer receives the transmitted signal so as to carry out the contact failure
inspection (S37).

In the embodiment of FIG. 14, the sub-computer and the main computer exchange
the orders reciprocally in case of the contact failure inspection portion 60 installed in the
sub-computer, not in the main computer shown in FIG. 6. By the same steps shown in
FIG. 11, the shutter is closed (S26), the transmission of the SEM signal stored in the main
storing part in the main computer into the sub-computer is determined (S31-1), and the
contact failure inspection is carried out by the sub-computer (S31-2). Whether it is
necessary to carry out the contact inspection on other locations is determined (831-3,
S31-4).

FIG. 15 shows numbered shaded regions (#2 - #37) to be tested on a wafer 110
under the contact failure inspection of the invention. One region designated as "AP"
shows an align point and "#1" shows the chip free-focusing location.

Within each numbered shaded region of FIG. 15, several sampling locations can
be defined. For example, for the chip or region #2 of FIG. 15, FIG. 16 shows five
sampling locations, i.e., upper left (2,1), upper right (2,2), lower right (2,3), lower left
(2,4) and center (2.5). The sampling locations or sampling numbers can be chosen in
various ways within one sampled chip unit. In this illustrative embodiment of the present
invention, 175 locations are sampled from the 35 chips or sampling regions, with five
sampling locations being tested in each chip. In one embodiment in which 12.5 k
magnification of an in-line SEM is used, there can be 98 contacts within a 480X480 pixel
image of each sampling location. With five sampling locations for each of 35 regions,

17,150 contacts are inspected.



10

15

20

25

20

FIG. 17 is a schematic cross-sectional view of a semiconductor device having
contact holes to be inspected in accordance with the present invention. FIG. 17 shows
the formation process of a 64M DRAM buried contact. A field oxide layer 131 defines
an active region formed over a semiconductor substrate 130. A gate electrode 132 is
formed over the active region and is covered with a spacer 133. After a first insulating
layer 134 of high-temperature oxide film is formed over the surface, a first contact hole
137 is formed as a direct contact for a bit line 135. After forming the bit line 135, a
second insulating layer 136 is formed over the surface as BPSG, and a second contact
hole 138 is formed for word line.

As one example of the inspection of the present inventian, the inspection is
performed for the buried contact for the formation of a word line during the 64M DRAM
fabrication process. As shown in FIG. 17, the inspection can also be performed for the
direct contact 137 or after the development process of photoresist pattern for the
formation of these contacts.

In the contact failure inspection method of the invention, an optimal image size is
first selected for each location being inspected based on the dimension of a feature being
inspected, such as the diameter of a round contact hole. In one embodiment, a typical
SEM image includes 480 X 480 pixels. Such an image can be taken for each of the
numbered locations of FIG. 16. Depending on the size and distance between contact
holes, an optimal image size for each individual contact is determined. FIG. 18 shows an
example of contact images of an in-line SEM of 12.5 K magnification for one sampling
location of a semiconductor device. It is composed of 480 X 480 pixels, and the number
of contacts depicted in the images is 98, i.e., 14 in the horizontal direction and 7 in the
vertical direction.

The optimal resolution is determined and checked based on the size of the feature,
1.e., contact hole, being inspected and the distance between holes. In one system, for

example, each pixel can resolve approximately 12nm in the SEM. Presently, it is known
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that contact holes can have diameters on the order of 200nm. The number of pixels
covering a feature is selected to ensure that an irregularity in a feature can be detected in
the image. For example, where a region being inspected has one hundred holes in an
evenly spaced grid, a set of one hundred 48 X 48 pixel sub-grids can be used to cover all
of the holes, including the space between holes, with each sub-grid being associated with
one hole. A rectangular grid or mesh of horizontal and vertical lines can be superimposed
over the 480 X 480 pixel array to form the one hundred 48 X48 pixel sub-grids used to
inspect each hole.

In accordance with the invention, it is then determined that the 48 X 48 pixel grid
is sufficient to resolve any irregularities in the hole being examined. The dimension of
the hole is compared to the amount of space in each sub-grid to determine whether the
number of pixels covering the hole itself is sufficient to analyze the hole. The resolution
is determined by dividing the critical dimension, i.e., hole diameter, by the number of
pixels covering the hole. The resolution is compared to a threshold such as the
12nm/pixel threshold to determine whether the resolution is adequate.

After the pixel resolution is determined, the mesh structure can be used to locate
and determine the dimensions of the contact holes. In one embodiment, vertical and
horizontal lines in a mesh or grid structure are used to locate the holes.

Referring to FIG. 18 illustrating this contact location recognition process of

module 60d, the mesh or grid is placed over the contact images-aligned in the matrix, and

the horizontal axis and the vertical axis pitches are adjusted within a certain search area

such that each contact is placed on each mesh. At this time, the pitches can be controlled
by increasing or decreasing the number of pixels producing the contact images. The
search area of the mesh line is preferably set to include the area in which the same pattern
of contact holes is repeated. |

Referring to FIG. 18, the contact location recognition process using the mesh

search determines that each mesh unit or sub-grid is composed of at least 32 pixels in the
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horizontal dimension, and at least 62 pixels in the vertical dimension, and the searching
area is determined by moving the imaginary horizontal axis mesh line 150 and the
imaginary vertical axis mesh line 152 within the ranges including at least 32 pixels in the
horizontal axis and at least 62 pixels in the vertical axis, thereby detecting the location of
the lowest digitized electron signal value, such that each contact in the contact images is
not interfered with by the mesh line.

In one embodiment, the mesh search is carried out by positioning either the
vertical line or horizontal line at a first position. Intensity values along the line are
summed to determine a total intensity for the line. The line is then stepped to a next
position. For example, the vertical line can be stepped along the horizontal axis to the
next position where the intensity values along the vertical line are again totaled. At each
position, the total intensity value is compared to a predetermined threshold and to the
previous total. An increase in intensity can be used to indicate that the edge of a hole has
been reached, assuming that holes have higher intensity than background. In other
embodiments, holes have lower intensity than background. The process can continue
across the entire grid structure to locate and/or define the size and shape of each hole.
After all of the totals are computed in one direction, the process can be repeated for the
other dimension, resulting in completely characterizing the size, shape and location of the
holes. This information can be used during subsequent processing for various purposes.
By knowing the locations and shapes of the holes, unnecessary processing of pixels not
related to holes is eliminated. Also, if during subsequent processing a failure is
identified, the exact location of the failed hole is readily determined.

After carrying out the contact location recognition, the origin of an initial mesh
unit as shown in FIG. 18, for example, is pixel number XO=13 on the horizontal axis and
pixel number YO=23 on the vertical axis. Units having same size can be subject on the

comparison, which is why the contact location recognition is performed as above.
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The mesh unit can be employed in various settings, i.e., as shown in FIG. 19,
wherein a contact hole 153 is placed on one mesh unit skipping one mesh unit between
two units, or as shown in FIG. 20, wherein at least two contact holes 153 can be placed
on one mesh unit. Further, the location recognition approach of the above mesh method
can be used in various image shapes if a pattern of images is repeated on each unit area,
such as square or oral shaped pad images, as opposed to the above round-shaped contact
images.

FIG. 18 shows a SEM image of a contact unit (480X480 pixels) for the mesh
setting to carry out a contact location recognition process according to the present
invention. As described above, in this example, the mesh unit of the present test is set as
32X62 pixels, and the origin pixel number (XO, YO) is (13,23). The above mesh unit
setting is determined by moving the horizontal mesh line 150 and the vertical mesh line
152 within the search ranges defined by each mesh line as described above, which can be
set by about 60 pixels and about 30 pixels corresponding to each pitch of the mesh unit,
respectively. In another embodiment, each line is analyzed to identify the lowest
intensity value corresponding to each mesh line to determine the location of holes.

FIGs. 19 and 20 show different types of mesh settings as described above, and
FIG. 21 shows that the contact unit is designated with pixel units in order to explain the
generation of a contact intensity profile. FIG. 22 shows a first intensity profile within a
mesh unit showing intensity values with respect to the vertical axis before the background
value intensities are removed to normalize the profile. FIG. 23 shows the intensity
profile of FIG. 22 with a contact threshold vﬁlue set after removal of the background
intensity value. In the present test, the threshold electron signal value is set at 5, and the
threshold pixel nuraber is 20 shown in FIG. 23. The contact hole being examined spans
the pixels 20-40 along the vertical axis.

FIG. 24 shows intensity profiles for SEM images of the contacts of FIG. 18 after

normalization by background value removal. FIG. 25 is a table which contains encoded
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results of the contact failure inspection of the invention performed on the contacts of FIG.
18. The circled contacts in FIG. 24 match with the location defined as contact failures in
FIG. 25 by a code 4.

FIG. 26 is a chart showing one part of the contact failure inspection results for
each sampling location shown in FIG. 15 in the present test with respect to the sampling
location of each chip, the number of all contacts corresponding to each classification
criteria of contacts according to the present invention is designated. That is, for each of
the five locations in each chip or test region, the number of each type classification of
hole found in the location is listed. For example, at location (1,3), there were 87 contact
holes classified as type D, 3 holes classified as type E, 5 holes classified as type G and 3
holes classified as type H. It will be noted that at each location, 98 holes are inspected
and classified, for a total of 17,150 holes inspected over the 35 inspection regions. In one
embodiment, this testing can be completed within one hour due to the process time
savings realized by the invention. The approach is therefore applicable to mass
production.

The contact profile calculation module 60e (1) is used to create a first intensity
profile of the above detected electron signal values for each mesh unit of the above
specific meshes. The background value removal module 60e (2) is used to create a
second intensity profile from the first intensity profile by subtracting background value of
each mesh unit from the first intensity profile.

The first intensity profile and the second intensity profile are calculated by using
electron signal values which are digitized corresponding to each pixel contained in each
mesh unit. However, the electron signal values acquired from each mesh unit contain
both the electron signal value from the corresponding contact and the electron signal
value produced from the outside region surrounding the contact. In the present invention,
to achieve an accurate electron signal value which includes intensity only from the inside

of the contact within one mesh unit, the background electron signal value from outside



the contact region, i.e., the region surrounding the contact, is subtracted from the intensity
profile to generate the normalized second intensity profile. This is referred to as
wliscolor effect" removal.
In one embodiment of the present invention, contact intensity profile calculation
5 and background value removal are performed by module 60e in accordance with the
following equation (1).

Yy =—2%X ) ; where

JBIB X,

X is the sum of electron signal values above a predetermined threshold within one mesh
unit;
10 B is the sum of electron signal values below a predetermined threshold within one mesh
unit;
B, is the number of the electron signals having a value below a predetermined threshold
within one mesh unit;
X. is the number of electron signals having a value above a predetermined value within one
15 mesh unit; and
Y is the electron signal value with background compensation within one mesh unit.

In equation (1), the above predetermined value can be determined in the way of
removing the background value and achieving accurate measurement results. In one
embodiment, for example, the value is 100, but is not limited to that value. _

20 The Y value, the result of equation (1), is the sum of the compensated electron
signals within each mesh uanit. In one embodiment, a lower and upper limit are set for the

value of Y in equation (1). If the value of Y computed for a particular contact is below
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the lower limit, the contact is concluded to be a failure. In one embodiment, this type of
reading below the predetermined lower limit indicates a non-open contact hole failure.
Equation (1) is typically used for inspection of contact holes with irregular shapes.
For example, equation (1) can be used for inspection of the photoresist layer used to form
contact holes prior to formation of the holes.
In another embodiment, the contact profile calculation and background value

removal are performed in accordance with the following equations (2) - (4).

PN =N Py 2
"=h'l1nk
(PkN)"—'——N—N— 3);
(h/ ~h;')
P: = baseline[(PkN)‘] 4) ; where



10

15

20

25

27

n is the horizontal axis pixel number;

k is the vertical axis pixel number;

P is a digitized signal value for a pixel at horizontal axis position n and vertical axis
position k; .

N is the mesh number being analyzed,;

hN is the initial pixel number in the horizontal axis within one mesh unit; and

he¥ is the final pixel number in the horizontal axis within one mesh unit.

Equations (2) - (4) are described with reference to FIGs. 21 and 22. FIG.2lisa
graphical representation showing pixel units within a mesh unit for a contact used to
calculate the contact intensity profile according to the present invention. FIG. 22 isa
schematic plot illustrating a first intensity profile within a mesh unit calculated before
subtracting the background value for a contact image of FIG. 18. In one embodiment, the
intensity profile is generated by stepping to discrete positions along one of the axes and
summing the intensity values along the orthogonal direction at each position and plotting
the pixel intensity sums versus the pixel number along the pixel axis. For example, the
profile of FIG. 22 can be formed by stepping through the pixel positions along the
vertical axis and summing the pixel intensities in the horizontal direction. In the profile
of FIG. 22, the result is an intensity profile with a peak near the middle which indicates
the presence of a contact hole in the particular mesh unit. The hole extends from about
pixel position 16 to pixel position 44 and is therefore about 28 pixels across in the
vertical direction. The profile includes a slight dip in intensity at the top of the peak at
the center of the hole, which indicates a drop in the detected intensity at the bottom of the
hole. This intensity profile shape is indicative of a normal contact hole.

The value (P,Y)' from equation (3) is the average electron signal value per pixel in
the vertical axis pixel number k. It is derived by dividing the whole sum (level) of
digitized electron signal values corresponding to each pixel in the vertical axis pixel

number k line (FIG. 21 ; k=20), i.e., the height of the curve in FIG. 22, by the number of
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horizontal pixels at the vertical axis position k, which is given by h;¥ - hN. FIG. 22
shows the resulting profile generated from equation (3). PN is a minimum value of
(PN, i.e., it is the intensity background or baseline value. Therefore, PN shows an
average electron signal value per pixel subtracting the background value.

FIG. 23 is a plot of a second intensity profile after the background value P_N has
been subtracted in accordance with equation (2). FIG. 24 shows the normalized second
intensity profile for contacts in the contact image of FIG. 18.

In one embodiment, the contact failure inspection process of the invention further
analyzes the results of equations (2) - (4) to classify contacts according to whether they
are failures and, if so, what types of failures. The second intensfty profile (FIG. 24) of
each hole is analyzed to identify and classify failures.

In one embodiment, as shown in FIG. 23, a threshold, e.g., 5, is applied to the
second intensity profile (the average electron signal value per pixel after subtracting the
background value). The critical dimension CD™ of the contact is defined as the length (or
width) of the peak in the profile at the threshold. As shown in FIG. 23, with the threshold
set at 5, the critical dimension CD™ for the contact is CDN = 40 - 20 = 20 pixels. The
critical dimension CD™ which can be, for example, the diameter of a contact hole, can be

computed from equation (5) below.

cp¥ = wy (5) ;  where

v;N is the vertical axis initial pixel number within the mesh unit;
v is the vertical axis final pixel number within the mesh unit;

PY=(PNy-P,";and
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W, indicates whether a pixel intensity value is above the threshold, specifically,

1, if P} > threshold
w) = y
0, if P, < threshold

Next, an average pixel intensity BSE" is computed for the pixels above the threshold
according to equation (6) below.
k=v
25 P kNWkN
k N

=V,

—_ (6)

5 BSEY =
cp¥

It should be noted that equations (5) and (6) represent an alternative inspection
approach to that of equation (1). The average pixel intensity BSEN referred to in equation
(6) is the analog of the value Y calculated in equation (1). Also, the value CDY in equations
(5) and (6) replaces the value X_ in equation (1).

10 After the pixel number CDN and average pixel intensity value BSEY are computed for
the contact being inspected, they can be used to classify the condition of the contact. In one
embodiment, an upper limit value NOC2 and a lower limit value NOC1 can be set for the
pixel number CDY. These limits are used to define a range of acceptable pixel numbers for
normal contacts. Limits can also be set for the average pixel intensity BSEN- An upper limit

15 value NOT2 and a lower limit value NOT1 can be used to define a range of acceptable
average pixel values for a normal contact.

The values CDN and BSE™ for each contact being analyzed are compared to their
respective ranges to classify the contacts. In one embodiment, each contact is classified as

being of one of nine possible types depending on the comparison of the values CDN and
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BSEN to their respective ranges. One example of the nine possible conditions and their

corresponding type classifications and numeric codes is tabulated in Table 1.

classification (BSEM<(NOT1) (NOT1)<(BSEM) (BSEM)2(NOT?2)
_ <(NOT2)

(CDM<(NOC1) A-type(codel) B-type(code2) C-type(code3)

(NOC1)<(CD¥)2(NOC2) D-type(coded) E-type(code5) E-type(code6)

(CD™)<(NOC2) G-type(code7) H-type(code8) I-type(code9)

Table 1. Contact Classification

The three columns of Table 1 define three conditions of contact hole depth. They
are arranged in order of decreasing depth. That is, the first column defines three
conditions, namely, types A, D and G, of relatively decp contact holes. The second
column includes three conditions of normal contact depth, types B, E and H. The third
column defines three conditions, types C, F and L, of insufficient contact depth. These
contact hole types typically define partially open contact holes or non-uniform contact
holes. The rows of Table 1 are organized in order of increasing contact hole diameter.
The first row, including types A, B and C contact hole types, have insufficiently small
diameters. The second category, including types D, E and F, defines contact holes having
normal diameter. The third categoty, including types G, H and I, defines contact holes

having excessively large diameters.

As shown in Table 1, the E-type classification is made with both CD and BSEY
are within their respective predetermined ranges, indicating a normal contact. The other
types in which one or both of the values are outside the ranges are classified in one of the
remaining types, which can be used to indicate varying degrees or types of contact

failures.
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The result display 60g can display the results of the classification of normal
contacts and/or contact failures classified by the contact failure inspection module 60f.
The results can be shown as digitized values with respect to the location of each contact.

FIG. 25 contains a table which illustrates an example of classification and pixel
location for the contact holes of FIG. 24. Whether each contact is normal or is a failure is
shown as a numeric code with respect to the location of each contact corresponding to the
second intensity profiles. Code "5" represents type E and means a normal contact, and
code "4 represents a type D contact failure. In one embodiment, type D represents a
non-open contact. The X values of FIG. 25 represent the initial horizontal axis pixel
number for each mesh unit, and the Y values represent the initial vertical axis pixel
number. FIG. 26 contains a table of the results of the inspection of the invention on five
locations in each of seven regions on a semiconductor wafer. The table shows the
number of contacts of each classification type within each location.

The values for CD™ and BSEN can be used to classify contacts in different ways.
That is, the type classification into which a particular contact falls can specify a particular
type of contact failure. For example, when BSEN for a contact is below the minimum
value NOT1, that typically indicates a non-open contact hole and will classify the hole in
one of types A, D and G. When BSEN is greater than the maximum value NOT2, the hole
is considered open, but still unacceptable for some reason. For example, the hole may
have an irregular shape such as widening or narrowing toward the bottom of the hole. In
this case, the hole will be classified as one of types C, F and L.

Likewise, when CD" is below the minimum value NOCI, the failure indicated can
be a hole that is too narrow or has some form of irregular shape such as oval. If CDNis
above the maximum value NOC2, an irregularly shaped hole is indicated.

FIG. 27 contains a flow chart which illustrates the logical flow of a processing
sequence showing the fabrication process of semiconductor devices according to one

embodiment of the present invention. First, in a specific processing step during the
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fabrication process of semiconductor devices, a photoresist pattern corresponding to the
contact holes is formed after depositing photoresist on specific insulating layers such as
nitride film or oxide film and carrying out photolithography (S40). The photoresist
pattern is formed by exposure processing and development processing.

Next, using the photoresist pattern as an etching mask, the insulating layer under
the photoresist pattern is etched to form the contact holes (S42). Next, cleaning the inside
of the contact holes, and moving the wafers into the in-line SEM according to the present
invention, the contact hole failure inspection according to the present invention is carried
out as described above. Then, filling the inside of the contact holes with a conductive
material, the subsequent process is carried out for manufacturiné semiconductor devices
(S46).

FIG. 28 contains a schematic flow chart illustrating the logical flow of one
embodiment of the contact inspection method of the present invention. In step 500,
parameters used by the process are read. In one embodiment, the parameters used by the

process are as follows:

N = Y-axis direction pixel number of SEM image

M = X-axis direction pixel number of SEM image

VP (Vertical Pitch ) = Y-axis contact pitch on Y-axis direction of mesh

HP (Horizontal Pitch) = X-axis contact pitch on X-axis direction of mesh
MX = X-axis mesh search pixel range ‘

MY = Y-axis mesh search pixel range

bse = base threshold of contact characteristic profile on unit mesh

NOI1 = lower limitation value of normal contact characteristic profile intensity
NO2 = upper limitation value of normal contact characteristic profile intensity
CD1 = lower limitation value of normal contact characteristic profile pixel

number
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CD2 = upper limitation value of normal contact characteristic profile pixel

number

XN = inspected total SEM image number (count) by chip or shot unit in a wafer

YN = inspected total SEM image number (count) in a chip or shot

X = inspected SEM image order by chip or shot unit in a wafer

Y = inspected SEM image order in a chip or shot

cdata [j] [i] = SEM image signal level at {per) unit pixel

Next, in step 502, the X-axis value is initialized to zero, and, in step 504, the Y-
axis value is initialized to zero. The inspection system continues along the Y-axis in an
inner loop formed by steps 506-520 until the maximum Y-axis value is reached. Then,
the X-axis value is incremented, and the inner loop repeats through ail of the Y-axis
values again. Finally, the outer loop terminates when the final X and Y-axis values are
reached. Within the inner loop of FIG. 28, the SEM image data is read at (X,Y) and
cdata(j][i] in step 506, which is illustrated in detail in FIG. 29. It should be noted that the
mesh approach described herein uses a rectangular mesh structure with orthogonal X and
Y axes. It will be understood that a rectangular mesh is not required. Other mesh shapes
can be used. For example, a triangular or trapezoidal mesh can be used. The mesh
structure is selected to ensure that any periodically repeating pattern of contacts will be
detected.

Next, in step 508 of FIG. 28, the contact hole position is determined. Ste;.> 508 is
illustrated in detail in FIGs. 30A-30D. Recognizing the contact bole positions includes
selecting the type and pattern of mesh which will be used to inspect the contact holes.
The process detailed in FIGs. 30A-30D moves pixel by pixel along a first selected
dimension (horizontal) and sums all pixel intensity values in a second orthogonal
dimension (vertical). When a significant variation (jump) in intensity is detected, an edge
of a hole is defined. The process continues until a significant drop in intensity is detected

to define the opposite edge of the hole. This approach is used until all of the holes are
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located. It should be noted in steps 550 and 582 of FIGs. 30A-30D that the absolute
value of intensity differences is used. This is because it is the magnitude of intensity
differences, or contrast, that is important to defining contact locations. This approach
accommodates different conventions which define holes as high or low intensity.

In step 514 of FIG. 28, contact hole profiles are calculated. This process is
illustrated in detail in the flow chart of FIGs. 31A-31D. The profiles are calculated by
analyzing each contact hole, identified according to the process described above in
connection with FIGs. 30A-30D. A profile is calculated for each hole. In one
embodiment, the profile is generated by summing the intensity values in one dimension at
each position along the other orthogonal dimension. The intensi.ty values at each position
can be averaged and plotted to generate the profile. It should be noted that generic
variables F and F2 are used in the flow charts of FIGs. 31A-31D. These variables are
interchangeable with the variables BSE™ and CD¥, respectively, defined in equations (5)
and (6) above, in accordance with a preferred embodiment of the invention.

In step 516 of FIG. 28, the contact holes are inspected in accordance with the
present invention. This process is illustrated in detail in FIGs. 32A-32B. As described
above, the values determined according to FIGs. 31A-31D are analyzed to classify each
hole according to one of the nine contact types. As noted above, in FIGs. 32A-32B, the
variables F and F2 are interchangeable with the variables BSEN and CDV .

Referring again to FIG. 28, in step 518, the Y-axis value is incremented, and in
step 520, it is determined whether the maximum Y-axis values has been reached. If not,
the flow returns to the top of the inner loop. If so, the X-axis value is incremented in step
522, and flow returns via block 524 to the top of the outer loop at step 504 where the Y-
axis value is initialized. When the outer loop terminates, the results of the inspection
process can be displayed in step 526.

As noted above, FIG. 29 is a schematic flow chart illustrating details of the
reading SEM image data step 506 shown in FIG. 28. In step 528, the index j is initialized
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to zero, and in step 530, the index i is initialized to zero. The cdata[j](i] is read in step
532, and the index i is incremented in step 534. It is determined in step 536 whether the
index i has reached its maximum value M. Ifnot, flow returns to step 532 where data is
again read. If so, the index j is incremented in step 538, and in step 540, it is determined
whether j has reached its maximum value N. If so, the process ends. If not, flow returns
to step 530 where the index 1 is again initialized to zero and the process repeats.

In one embodiment, the contact failure inspection of the present invention is
carried out after forming the contact holes and cleaning the inside of the contact holes
(After Cleaning Inspection : ACI). The failure inspection can also be carried out on the
exposed insulating layers over the wafers in the development pfocessing to form the
photoresist pattern for the formation of the contact holes (After Development Inspection:
ADI).

The present invention can be applied not only to the contact holes as described
above but also to via holes in every step for connecting all contact holes directly
contacting with the semiconductor substrate and the conductive layers. Further, the
present invention can be used for examining pattern formation failure after development
processing during the photo processing for contact hole formation.

In addition, beside round-shaped contact holes, the present invention can be
applied in examining patterns by detecting the various types of pattern images which are
regularly repeated.

According to the present invention, the presence of contact failure is precisely and
exactly detected by digitized values without the examination of the contact images by
naked eyes or microscope. For contacts having a high aspect ratio, contact failure can be
readily and very exactly confirmed. Further, contact failure inspéction for the whole
wafer surface is performed in a short time providing the detection result for contact

failures, and showing high efficiency and productivity for mass production system line.
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It will be apparent to those skilled in the art that various modifications and
variations of the present invention can be made without departing from the spirit or scope
of the invention. Thus, it is infended that the present invention cover the modifications
and variations of this invention provided they come within the scope of the appended

5  claims and their equivalents.

What is claimed is:
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LAI

A method of inspecting at least a portion of a semiconductor wafer comprising:

reading scanning electron microscope (SEM) image data for the portion of
the semiconductor wafer;

identifying image data for a feature on the semiconductor wafer within the
data for the portion of the semiconductor wafer;

computing a parameter related to the feature from the image data for the
feature;

comparing the parameter to a range of acceptablé values for the parameter;
and

classifying the feature according to the comparison with the range of

acceptable values for the parameter.

The method of claim 1 wherein the feature is a contact hole in an integrated

circuit,

The method of claim 2 wherein the contact hole can be classified as not open if

the parameter is outside of the range of acceptable values for the parameter.

The method of claim 1 wherein the feature can be classified as a failure if the

parameter is outside the range of acceptable values for the parameter.

The method of claim 1 wherein the feature can be classified as acceptable if the

parameter is within the range of acceptable vaiues for the parameter.
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The method of claim 1 wherein the SEM image data are generated from secondary

electrons and back scattered electrons.

The method of claim | wherein the parameter comprises a dimension of the

feature.

The method of claim ! wherein the parameter comprises a number of SEM image

data pixels associated with the feature.

The method of claim 1 wherein the parameter comprises an average intensity of

pixels associated with the feature.

The method of claim 1 further comprising computing an image pixel intensity

profile for the feature,

The method of claim 10 wherein computing an image pixel intensity profile
comprises subtracting a background intensity value from intensity values for

pixels in a region that includes the feature.

The method of claim 1 further comprising:

computing a second parameter related to the feature from the image data
for the feature;

comparing the second parameter to a range of acceptable values for the
second parameter; and

classifying the feature according to the comparison with the range of

acceptable values for the second parameter.
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The method of claim 12 wherein the second parameter comprises a dimension of

the feature.

The method of claim 12 wherein the second parameter comprises a number of

SEM image data pixels associated with the feature.

The method of claim 12 wherein the second parameter comprises an average

intensity of pixels associated with the feature.

The method of claim 12 wherein the feature can be classified as acceptable only if
the first parameter is within the range of acceptable values for the first parameter
and the second parameter is within the range of acceptable values for the second

parameter.

The method of claim 1 further comprising characterizing the feature using a
coordinate system, said characterizing comprising:

superimposing the coordinate system over an image of the portion of the
semiconductor wafer; and

at a plurality of locations along a first axis of the coordinate system,
analyzing intensity values of pixels disposed along a second axis of the coordinate

system.

The method of claim 17 wherein said analyzing comprises summing the intensity

values of the pixels disposed along the second axis.
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19.

20.

21.

22.

23.

24.

25.

26.

27.

40

The method of claim 18 wherein said analyzing further comprises detecting a
change in summed intensity values for a plurality of locations along the first axis

to detect the feature.

The method of claim 17 wherein said analyzing comprises averaging the intensity

values of the pixels disposed along the second axis.

The method of claim 20 wherein said analyzing further comprises detecting a
change in averaged intensity values for a plurality of locations along the first axis

to detect the feature,

The method of claim 17 wherein said characterizing comprises determining a size

of the feature,

The method of claim 17 wherein said characterizing comprises determining a

location of the feature.

The method of claim 17 wherein said characterizing comprises identifying a

pattern of a plurality of the features.
The method of claim 24 wherein the pattern is a periodic pattern.

The method of claim 17 wherein the coordinate system is a rectangular coordinate

system.

The method of claim 17 wherein the coordinate system is a triangular coordinate

system.
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The method of claim 17 wherein the coordinate system is a trapezoidal coordinate

system.

The method of claim 1 wherein the SEM image data are in the form of digitized

pixel grey scale values.

The method of claim 1 wherein the SEM image data are in the form of digitized

color coded pixel values.

An apparatus for inspecting at least a portion of a semiconductor wafer
comprising:

means for reading scanning electron microscope (SEM) image data for the
portion of the semiconductor wafer;

means for identifying image data for a feature on the semiconductor wafer
within the data for the portion of the semiconductor wafer;

means for computing a parameter related to the feature from the image
data for the feature;

means for comparing the parameter to a range of acceptable values for the
parameter; and

means for claésifying the feature according to the comparison with the

range of acceptable values for the parameter.

The apparatus of claim 31 wherein the feature is a contact hole in an integrated

circuit.
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34.

35.

36.

37

38.

39.

40.

42

The apparatus of claim 32 wherein the means for classifying the feature can
classify the contact hole as not open if the parameter is outside of the range of

acceptable values for the parameter.

The apparatus of claim 31 wherein the means for classifying the feature can
classify the feature as a failure if the parameter is outside the range of acceptable

values for the parameter.

The apparatus of claim 31 wherein the means for classifying the feature can
classify the feature as acceptable if the parameter is within the range of acceptable

values for the parameter.

The apparatus of claim 31 wherein the SEM image data are generated from

secondary electrons and backscattered electrons.

The apparatus of claim 31 wherein the parameter comprises a dimension of the

feature.

The apparatus of claim 31 wherein the parameter comprises a number of SEM

image data pixels associated with the feature.

The apparatus of claim 31 wherein the parameter comprises an average intensity

of pixels associated with the feature.

The apparatus of claim 31 further comprising means for computing an image pixel

intensity profile for the feature.
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41.

42.

43.

44.

45,

46.

43

The apparatus of claim 40 wherein the means for computing an image pixel
intensity profile comprises means for subtracting a background intensity value

from intensity values for pixels in a region that includes the feature.

The apparatus of claim 31 further comprising:

means for computing a second parameter related to the feature from the
image data for the feature;

means for comparing the second parameter to a range of acceptable values
for the second parameter; and '

means for classifying the feature according to the comparison with the

range of acceptable values for the second parameter.

The apparatus of claim 42 wherein the second parameter comprises a dimension

of the feature.

The apparatus of claim 42 wherein the second parameter comprises a number of

SEM 1image data pixels associated with the feature.

The apparatus of claim 42 wherein the second parameter comprises an average

intensity of pixels associated with the feature.

The apparatus of claim 42 wherein the feature can be classified as acceptable only
if the first parameter is within the range of acceptable values for the first
parameter and the second parameter is within the range of acceptable values for

the second parameter.
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47.

48.

49,

50.

51.

52.

53.

44

The apparatus of claim 31 further comprising means for characterizing the feature
using a coordinate system, said means for characterizing comprising:

means for superimposing the coordinate system over an image of the
portion of the semiconductor wafer; and

means for analyzing, at a plurality of locations along a first axis of the
coordinate system, intensity values of pixels disposed along a second axis of the

coordinate system.

The apparatus of claim 47 wherein said means for analyzing comprises means for

summing the intensity values of the pixels disposed along the second axis.

The apparatus of claim 48 wherein said means for analyzing further comprises
means for detecting a change in summed intensity values for a plurality of

locations along the first axis to detect the feature.

The apparatus of claim 47 wherein said means for analyzing comprises means for

averaging the intensity values of the pixels disposed along the second axis.

The apparatus of claim 50 wherein said means for analyzing further comprises
means for detecting a change in averaged intensity values for a plurality of

locations along the first axis to detect the feature.

The apparatus of claim 47 wherein said means for characterizing comprises means

for determining a size of the feature.

The apparatus of claim 47 wherein said means for characterizing comprises means

for determining a location of the feature.
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54.

55.

56.

57.

58.

59.

60.

45

The apparatus of claim 47 wherein said means for characterizing comprises means

for identifying a pattern of a plurality of the features.
The apparatus of claim 54 wherein the pattern is a periodic pattern.

The apparatus of claim 47 wherein the coordinate system is a rectangular

coordinate system.

The apparatus of claim 47 wherein the coordinate system is a triangular

coordinate system.

The apparatus of claim 47 wherein the coordinate system is a trapezoidal

coordinate system.

The apparatus of claim 31 wherein the SEM image data are in the form of

digitized pixel grey scale values.

The apparatus of claim 31 wherein the SEM image data are in the form of

digitized color coded pixel values.
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