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PATTERNED WAFER GEOMETRY MEASUREMENTS FOR
SEMICONDUCTOR PROCESS CONTROLS

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] The present application claims the benefit under 35 U.S.C. § 119(e)
of U.S. Provisional Application Serial No. 61/982,731, filed April 22, 2014.
Said U.S. Provisional Application Serial No. 61/982,731 is hereby

incorporated by reference in its entirety.

TECHNICAL FIELD
[0002] The disclosure generally relates to the field of semiconductors, and

particularly to wafer geometry measurement techniques.

BACKGROUND
[0003] Fabricating semiconductor devices typically includes processing a
substrate such as a semiconductor wafer using a number of semiconductor
fabrication processes. For example, lithography is a semiconductor
fabrication process that involves transferring a pattern from a reticle to a
resist arranged on a semiconductor wafer. Additional examples of
semiconductor fabrication processes include, but are not limited to,
chemical-mechanical polishing (CMP), etching, deposition, and ion
implantation. Multiple semiconductor devices may be fabricated in an
arrangement on a single semiconductor wafer and then separated into

individual semiconductor devices.

[0004] Metrology processes are used at various steps during a semiconductor
manufacturing process to monitor and control one or more semiconductor
layer processes. Some of these characteristics include the flatness and

thickness uniformity of the wafers. While conventional metrology systems
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may be able to monitor and control these characteristics, they are generally
utilized for handling unpatterned/bare wafers. Therein lies a need for
systems and methods for wafer geometry measurements suitable for any
wafers, including patterned wafers, without the aforementioned

shortcomings.

SUMMARY
[0005] The present disclosure is directed to a method for monitoring and
controlling a wafer polishing process. The method includes: obtaining a
first set of wafer geometry measurements of a wafer prior to the wafer
polishing process, the first set of wafer geometry measurements including:
a first front side height measurement, a first backside height measurement,
and a first wafer flatness measurement; optimizing the wafer polishing
process for the wafer, wherein different pressure levels are assigned to
different areas of the wafer to achieve a best-flatness condition, wherein
the best-flatness condition for the wafer is calculated based on the first
front side height measurement, the first backside height measurement and
the first wafer flathess measurement obtained prior to the wafer polishing
process; and polishing the wafer based on the optimized wafer polishing

process.

[0006] A further embodiment of the present disclosure is directed to a
method for analyzing process tool induced flatness errors. The method
includes: obtaining wafer geometry measurements of a wafer, the wafer
geometry measurements including at least: a front side height measurement
and a backside height measurement; identifying front side wafer surface
signatures based on the front side height measurement; identifying backside
wafer surface signatures based on the backside height measurement;

separating flatness errors induced by the front side wafer surface signatures
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from flatness errors induced by the backside wafer surface signatures; and
determining whether a process tool induced flatness errors independently
based on flatness errors induced by the front side wafer surface signatures

and flatness errors induced by the backside wafer surface signatures.

[0007] An additional embodiment of the present disclosure is directed to a
method for controlling lithography focus errors. The method includes:
obtaining a first set of wafer geometry measurements of a wafer prior to
lithography scanning, the first set of wafer geometry measurements
including: a first front side height measurement, a first backside height
measurement, and a first wafer flatness measurement; identifying at least
one wafer flatness error; and controlling a lithography scanner to
compensate for the at least one wafer flatness error during lithography

scanning.

[0008] An additional embodiment of the present disclosure is directed to a
method for calculating wafer variations. The method includes: obtaining a
wafer-level thickness variation map; dividing the wafer-level thickness
variation map into a plurality of uniform sized sites; independently leveling
each site of the plurality of sites; further dividing each site into a plurality
of rectangular areas, wherein each rectangular area generally corresponds
to a slit-size of a lithography scanner; independently leveling each
rectangular area of the plurality of rectangular areas for each site of the
plurality of sites; and combining the plurality of rectangular areas of each

site of the plurality of sites to obtain a full wafer measurement metric.

[0009] It is to be understood that both the foregoing general description and
the following detailed description are exemplary and explanatory only and
are not necessarily restrictive of the present disclosure. The accompanying

drawings, which are incorporated in and constitute a part of the
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specification, illustrate subject matter of the disclosure. Together, the
descriptions and the drawings serve to explain the principles of the

disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS
[0010] The numerous advantages of the disclosure may be better understood
by those skilled in the art by reference to the accompanying figures in
which:

FIG. 1 is an illustration depicting a wafer flatness measured on a
patterned wafer geometry measurement tool;

FIG. 2 is an illustration depicting a wafer polishing process;

FIG. 3 is a block diagram depicting a wafer geometry measurement
based control loop for a wafer polishing process;

FIG. 4 is block diagram depicting a wafer geometry measurement
based control loop for a lithography scanner;

FIG. 5 is a flow diagram depicting a method for estimating flatness
errors that takes flatness signatures of a lithography chuck into
consideration;

FIG. 6 is an illustration depicting a site-based flatness variation
calculation process;

FIG. 7 is an illustration that continues the depiction of the site-based
flatness variation calculation process; and

FIG. 8 is an illustration that continues the depiction of the site-based

flatness variation calculation process.

DETAILED DESCRIPTION
[0011] Reference will now be made in detail to the subject matter

disclosed, which is illustrated in the accompanying drawings.
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[0012] Embodiments of the present disclosure are directed to systems and
methods for providing improved wafer geometry measurements for
lithography focus, CMP, and other semiconductor process control scanner
corrections. It is noted that the term wafer geometry in the present
disclosure refers to wafer front side height, backside height, thickness
variation, flatness, and all consequent derivatives such as shape,
topography, or the like. It is also noted that the systems and methods in
accordance with embodiments of the present disclosure are suitable for
handling any types of wafers, including patterned wafers, without the

shortcomings of conventional metrology systems.

[0013] Referring to FIG. 1, a wafer flatness measured on a patterned wafer
geometry (PWG) measurement tool is shown. A patterned wafer geometry
measurement tool utilized in accordance with the present disclosure is a
measurement tool that is able to measure front side height, back side
height, and thickness variation of the wafer. Obtaining such information
allows the sources of flatness errors to be separated and attributed to front

side and backside components.

[0014] The ability to identify the sources of flatness errors is important. For
instance, referring to FIG. 2, a simplified illustration depicting a wafer 200
being polished by a polishing tool (e.g., CMP) is shown. Suppose that the
shape of the wafer 200 before going through the polishing process is slightly
curved as shown, the polishing tool will then remove the raised portions of
the top surface, resulting in a polished wafer 202 with a flat front side.
However, this polished wafer 202 is undesirable because its flatness profile

is suboptimal.

[0015] Instead of simply removing the raised portions of the top surface,

wafer geometry and flatness data should be measured and taken into
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consideration for the polishing process. FIG. 3 is an illustration depicting
such a control loop. More specifically, the separate front side and backside
topography measurement data can be obtained and feed to the control loop
to optimize the polishing process. For instance, the control loop may
calculate a best-flatness condition that can be achieved if the wafer is
polished in a certain manner. Subsequently, different pressure levels can
be applied to different areas of the wafer so that the best-flatness
condition can be achieved as an end result, as opposed to simply providing a
flat top surface 202 as depicted in FIG. 2. In addition, wafer geometry
measurements can be taken again after the polishing process; and
adjustments necessary can be determined and applied to the polishing

process accordingly.

[0016] It is contemplated that configuring the polishing tool in this manner
to optimize for the best-flathess condition is beneficial for downstream
processes. For example, a polished wafer will be held on a vacuum or a
chuck using force when it is processed by a lithography process tool or the
like. It is noted that when the wafer is held on a chuck using force, the
wafer backside is expected to be substantially flattened, and if the wafer
was simply polished to provide a flat top surface, the top surface may no
longer be flat when the wafer is chucked. Focus errors may be introduced
as a result. Since wafer flatness errors directly contribute to focus errors
during lithography exposure, configuring the polishing tool based on
optimizing flatness conditions as described above effectively improves focus

of the lithography process tool.

[0017] It is also contemplated that when the wafer is chucked, features such
as 104 and 106 (as shown in FIG. 1) that are induced by the wafer backside
are pushed towards the front side and are presented to the lithography

process tool along with the features that are induced by the wafer front
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side. While certain lithography process tools are capable of making
adjustments based on wafer flatness to compensate for errors, it is noted
that these adjustments are made without distinguishing between the front
side induced flatness errors and the backside induced flatness errors.
Therefore, adjustments made in this manner is not ideal because once the
wafer is unchucked, compensations made while the wafer was chucked may

turn out to be over-corrected or under-corrected.

[0018] With the ability to separate the front side topography from the
backside topography, as shown in FIG. 1, the sources of flatness errors can
be isolated. In the example shown in FIG. 1, once it is observed that the
backside has distinct signatures (pin-type marks) 104 and 106, a subsequent
process step may be notified of this observation (e.g., in a feedforward
manner) and the subsequent process step may choose to compensate for (or

avoid) such flatness errors accordingly.

[0019] In addition to providing a better compensation control mechanism,
separating the front side topography from the backside topography can also
help identifying process steps that may have caused front side and/or
backside flatness errors during the manufacturing process. In the example
shown in FIG. 1, once it is determined that the signatures (pin-type marks)
104 and 106 are induced by the backside, an analysis process may be
invoked to find the cause of such signatures. In one embodiment, this
analysis process (may be referred to as a cause analysis or root cause
analysis) may attempt to identify which process step(s) during the
manufacturing process caused these errors and by how much. For instance,
this analysis process may take wafer geometry measurements at suspected
process steps and identify the process step(s) that caused the backside

signatures. It is contemplated that this process may also be utilized to
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analyze the front side errors as well without departing from the spirit and

scope of the present disclosure.

[0020] FIGS. 3 and 4 are illustrations depicting control loops that may be
utilized to analyze/assess wafer geometry variations induced by various
types of process steps. By measuring wafer geometry at two points, i.e.,
before and after a process of interest, the variations induced by that
particular process step to wafer geometry can be assessed. The measured
changes in wafer geometry may be related to impact on critical
semiconductor fabrication parameters such as lithography focus and overlay
errors, and vyield by way of metrics such as site-flatness, in-plane
displacement and the like that may be computed from the measured wafer

geometry changes.

[0021] It is contemplated that such an analysis process may be utilized in
every critical process steps during the manufacturing process to catch
potential errors as soon as possible. Alternatively or additionally, this
analysis process may be conditionally invoked when certain signatures are
detected on either the front side or the backside. As previously mentioned,
in the example shown in FIG. 1, when the signatures (pin-type marks) 104
and 106 are detected on the backside of the wafer 100, this detection may
prompt further analysis to find the cause of such signatures. Furthermore,
it may be configured to manually and/or automatically adjust process step
conditions for a particular process tool and thereby minimize the impact of
that particular process tool on wafer geometry and certain critical

semiconductor fabrication parameters.

[0022] In addition to providing abilities to identify and to compensate for
flatness errors, flatness signatures induced by a chuck can also be extracted

and used to calculate/estimate a total flatness error of an incoming wafer.
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More specifically, FIG. 5 shows a methodology in which wafer flatness
measurements obtained using a wafer geometry tool and scanner leveling
measurements obtained from the lithography scanner can be used to
calculate/estimate flatness errors. It is contemplated that patterned
wafers or unpatterned bare wafers (serving as reference wafers) may be
used to extract the flatness signature induced by a given chuck in step 502.
Once the flatness signature of the given chuck has been extracted, total
flatness errors during lithography exposures for future wafers chucked on
that same chuck may be estimated. For example, when a new wafer is
received, its wafer geometry, including its measured flatness, can be
obtained in step 504 using a wafer geometry tool. Subsequently, by adding
the extracted chuck flatness signature to the measured flatness of that
wafer, the total flatness error (representing the flatness errors when the
wafer is chucked) can be calculated in step 506. In this manner, the effects
of forcing the wafer onto the chuck can be quantified (e.g., as a part of the
feedforward control), which can help providing better focus leveling

corrections.

[0023] It is noted that this calculation is also fully reversible. That is, if the
height of the top surface is measured when the wafer is chucked on a
particular chuck (e.g., based on scanner leveling measurements), and if the
wafer geometry has been measured when the wafer was in an unchucked
state, the flatness signature of that particular chuck can be calculated by
subtracting the measured wafer geometry from the leveling map obtained
from the lithography scanner. As previously mentioned, this process can be
carried out using reference wafers in a controlled manner, and the
extracted flatness signature of that particular chuck can be used to
predict/estimate its effects on future wafers. In addition, the accuracy of

this estimation process can be improved utilizing a feedback loop (e.g., as
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shown in FIG. 4). More specifically, focus error and/or critical dimension
uniformity can be measured post-lithography to check how well the
feedforward focus corrections worked. If it is determined that the
feedforward alone did not sufficiently reduce focus and/or critical
dimension uniformity errors, then the feedback loop may be employed that

will adjust the focus corrections for the next wafer.

[0024] It is also contemplated that additional measurement metrics may also
be obtained and provided as control signals. For instance, in one
embodiment, a site-based flatness variation metric is obtained, which can
be used to perform root cause analysis and/or provided as feedback to

improve the manufacturing processes.

[0025] Referring to FIGS. 6 through 8, a series of illustrations depicting a
site-based flatness variation calculation process 600 is shown. In step 602,
a wafer-level thickness variation map is obtained and divided into a
plurality of uniform sized sites (may also be referred to as fields). The
thickness variation within each particular site is then leveled by fitting a
single least-square best-fit plane to that particular site. In step 604, each
site is further divided into rectangular areas generally equivalent to the slit-
size of the lithography scanner. It is understood that if a site cannot be
evenly divided by the slit-size, a partial slit may be utilized on one end of
the site, or the slit-size may be slightly adjusted to evenly divide the site.
It is noted that one of the advantages provided by dividing the sites in this
manner is that it simulates the scanning process, which is done in a slit-by-

slit manner.

[0026] Now, each slit-area can be further leveled independently by fitting a
single least-square best-fit plane to that particular slit-area in step 606, and

the independently leveled slit-areas within each site can be combined to

10
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form a full wafer map (e.g., representing industry standard metrics such as
site frontside least squares focal plane, or SFQ and the like) in step 608.
Subsequently, an average site-flatness value is taken by averaging all site-
flatness values in step 610. It is noted that this average site-flatness value
is leveled utilizing both conventional site-wise leveling and slit-by-slit
leveling (which has the advantage of simulating the scanning process) as

described above.

[0027] It is contemplated that the average site-flatness value calculated in
this manner can be utilized to compute various derived metrics and
information regarding a given wafer. For instance, by subtracting the
average value from each site-based value, as shown in step 612, a site-to-
site variation map can be calculated for the full wafer. It is also
contemplated that while flatness values are wused as exemplary
measurement metrics, this site-based, slit-by-slit variation calculation
process is applicable for calculation of various other types of measurement
metrics, including, but not limited to flatness variations, thickness
variations, as well as various other types of wafer topography variations
that correlate to non-correctable focus errors seen by the lithography

scanner during wafer exposure.

[0028] It is also contemplated that these variation maps can be used for
reporting purposes, and can also be analyzed to improve the manufacturing
processes. For example, in the site-to-site variation map shown in FIG. 8,
the topography variation (which is systematic) coming from the device
pattern is removed. Thereby any process variability (such as a local hot-
spot created by a polishing tool) becomes visible after the systematic
topography is removed. This information can then be provided as a

feedback control to the polishing tool, thereby improving future processes.

11
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[0029] It is further contemplated that the average-site and site-to-site
variation maps and metrics are not limited to flatness measurements. The
same techniques described above are also applicable to other metrics for
front side and/or backside maps such front and/or back nanotopography
and the like without departing from the spirit and scope of the present

disclosure.

[0030] It is contemplated that while the examples above referred to
polishing tools and lithography tools, the systems and methods in
accordance with the present disclosure are applicable to other types of
process tools, which may also benefit from the wafer geometry based
control loops without departing from the spirit and scope of the present
disclosure. Furthermore, the term wafer used in the present disclosure may
include a thin slice of semiconductor material used in the fabrication of
integrated circuits and other devices, as well as other thin polished plates

such as magnetic disc substrates, gauge blocks and the like.

[0031] The methods disclosed may be implemented in various wafer
geometry measurement tools as sets of instructions executed by one or
more processors, through a single production device, and/or through
multiple production devices. Further, it is understood that the specific
order or hierarchy of steps in the methods disclosed are examples of
exemplary approaches. Based upon design preferences, it is understood
that the specific order or hierarchy of steps in the method can be
rearranged while remaining within the scope and spirit of the disclosure.
The accompanying method claims present elements of the various steps in a
sample order, and are not necessarily meant to be limited to the specific

order or hierarchy presented.

12
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[0032] It is believed that the system and method of the present disclosure
and many of its attendant advantages will be understood by the foregoing
description, and it will be apparent that various changes may be made in
the form, construction and arrangement of the components without
departing from the disclosed subject matter or without sacrificing all of its

material advantages. The form described is merely explanatory.

13
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CLAIMS

What is claimed is:

1. A method for monitoring and controlling a wafer polishing process,
the method comprising:

obtaining a first set of wafer geometry measurements of a wafer
prior to the wafer polishing process, the first set of wafer geometry
measurements including: a first front side height measurement, a first
backside height measurement, and a first wafer flatness measurement;

optimizing the wafer polishing process for the wafer, wherein
different pressure levels are assigned to different areas of the wafer to
achieve a best-flathess condition, wherein the best-flatness condition for
the wafer is calculated based on the first front side height measurement,
the first backside height measurement and the first wafer flatness
measurement obtained prior to the wafer polishing process; and

polishing the wafer based on the optimized wafer polishing process.

2. The method of claim 1, further comprising:

obtaining a second set of wafer geometry measurements of the wafer
after the wafer polishing process, the second set of wafer geometry
measurements including: a second front side height measurement, a second

backside height measurement, and a second wafer flatness measurement.
3. The method of claim 2, further comprising:

comparing the second wafer flatness measurement obtained after the
wafer polishing process to the calculated best-flatness condition; and

adjusting the wafer polishing process based on the comparison.

4, The method of claim 2, further comprising:

14
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comparing the first front side height measurement to the second
front side height measurement and comparing the first backside height
measurement to the second backside height measurement; and

assessing wafer geometry variations induced by the wafer polishing

process.

5. The method of claim 4, further comprising:
adjusting the wafer polishing process when wafer geometry variations

are induced by the wafer polishing process.

6. The method of claim 1, wherein the wafer polishing process includes

chemical-mechanical polishing.

7. A method for analyzing process tool induced flatness errors, the
method comprising:

obtaining wafer geometry measurements of a wafer, the wafer
geometry measurements including at least: a front side height measurement
and a backside height measurement;

identifying front side wafer surface signatures based on the front side
height measurement;

identifying backside wafer surface signatures based on the backside
height measurement;

separating flatness errors induced by the front side wafer surface
sighatures from flatness errors induced by the backside wafer surface
signatures; and

determining whether a process tool induced flatness errors
independently based on flatness errors induced by the front side wafer
surface signatures and flatness errors induced by the backside wafer surface

signatures.

15
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8. The method of claim 7, wherein the wafer geometry measurements
of the wafer are obtained before and after processing the wafer using the

process tool.

9. The method of claim 8, wherein the front side wafer surface
sighatures are identified based on the front side height measurement
obtained before and after processing the wafer using the process tool, and
wherein the backside wafer surface signatures are identified based on the
backside height measurement obtained before and after processing the

wafer using the process tool.

10. A method for controlling lithography focus errors, the method
comprising:

obtaining a first set of wafer geometry measurements of a wafer
prior to lithography scanning, the first set of wafer geometry measurements
including: a first front side height measurement, a first backside height
measurement, and a first wafer flatness measurement;

identifying at least one wafer flatness error; and

controlling a lithography scanner to compensate for the at least one

wafer flatness error during lithography scanning.

11.  The method of claim 10, wherein identifying at least one wafer
flatness error further comprises:
estimating at least one lithography chuck induced flatness error; and
calculating a total wafer flatness error based on the least one
lithography chuck induced flatness error and the first wafer flatness

measurement.

16
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12. The method of claim 11, wherein the at least one lithography chuck
induced flatness error is estimated by subtracting wafer geometry of a
reference wafer measured in an unchucked state from a leveling map of the
reference wafer obtained from the lithography scanner when the reference

wafer is chucked.

13. The method of claim 10, further comprising:
obtaining at least one of: a focus error and a critical dimension

uniformity after lithography scanning.

14.  The method of claim 13, further comprising:
determining an effectiveness of said controlling the lithography
scanner to compensate for the at least one wafer flatness error during
lithography scanning based on said at least one of: the focus error and the
critical dimension uniformity obtained after lithography scanning ; and
adjusting the lithography focus based on said at least one of: the
focus error and the critical dimension uniformity obtained after lithography

scanning.

15. A method for calculating wafer variations, the method comprising:

obtaining a wafer-level thickness variation map;

dividing the wafer-level thickness variation map into a plurality of
uniform sized sites;

independently leveling each site of the plurality of sites;

further dividing each site into a plurality of rectangular areas,
wherein each rectangular area generally corresponds to a slit-size of a
lithography scanner;

independently leveling each rectangular area of the plurality of

rectangular areas for each site of the plurality of sites; and

17
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combining the plurality of rectangular areas of each site of the

plurality of sites to obtain a full wafer measurement metric.

16. The method of claim 15, wherein independently leveling each site of
the plurality of sites comprises fitting a single least-square best-fit plane to

each site.

17. The method of claim 15, wherein independently leveling each
rectangular area of the plurality of rectangular areas for each site of the
plurality of sites comprises fitting a single least-square best-fit plane to

each rectangular area.

18.  The method of claim 15, wherein the measurement metric includes a

flatness measurement metric.

19.  The method of claim 18, further comprising:
calculating an average site-flatness value based on the combined full

wafer flathess measurement metric.

20.  The method of claim 19, further comprising:
subtracting the an average site-flatness value from the combined full

wafer flathess measurement metric to obtain a site-to-site variation.
21.  The method of claim 20, further comprising:

providing the site-to-site variation as a feedback control to a process

tool to reduce process tool induced flatness errors.

18
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S02—~|  EXTRACT FLATNESS SIGNATURE INDUCED BY A CHUCK USING
ONE OR MORE REFERENCE WAFERS

504
N MEASURE WAFER GEOMETRY OF AN INCOMING WAFER

506\ CALCULATE A TOTAL FLATNESS ERROR BASED ON THE WAFER
GEOMETRY OF AN INCOMING WAFER AND THE EXTRACTED
FLATNESS SIGNATURE INTRODUCED BY THE CHUCK
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