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SYSTEM AND METHOD FOR OPTIMIZING THROUGH SILICON VIA OVERLAY

CROSS-REFERENCE TO RELATED APPLICATION

[0001] The present application claims the benefit under 35 U.S.C. § 119(e) of U.S.
Provisional Application Serial Number 63/226,647, filed July 28, 2021, which is

incorporated herein by reference in the entirety.

TECHNICAL FIELD

[0002] The present disclosure relates generally to semiconductor wafer metrology and,

more particularly, to a system and method for optimizing through silicon via overlay.

BACKGROUND

[0003] The expanding consumer electronics market is driving development of
semiconductor innovation. The push for integration, reduction in power consumption, and
the need for smaller form factors lead to new architectures which combine dissimilar
technologies and creative packaging methods, where maximum functionality is packaged
into minimal space. The use of buried power rails is believed to be a key enabler for
shrinking logic ground rules. The buried power rails allow for a more direct connection
between the front-end devices, the supply voltage, and the ground than is possible with
a conventional back end of line process having a large number of metal layers. Bonding
processes have typically been used which introduce bonding induced distortions with
significantly larger overlay requirements. Through Silicon Vias (TSV’s) have evolved as
one of the key technologies for 3D integration and wafer level packaging. In general,
performing TSV lithography overlay control includes multiple elements that are quite
common to the lithography process control. Typically, a scanner alignment system is
utilized which uses reference targets on the device layer and measures the position of
the targets. The positions of the targets are typically interpolated with an alignment model

that may include higher order terms (e.g., HOWAS3 which uses 3" order terms in wafer
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coordinates). Also, an overlay correction on the scanner is made which typically includes
a grid model as well as a correction by exposure method (CPE). Additionally,
conventional overlay targets may be used to measure the overlay between the TSV
lithography pattern and a reference layer on a device wafer. Further, a feedback control
system may use information about model parameters from prior lots to generate a new
set of corrections for the exposure of the next lot. Ideally a combination of bonder
adjustments and scanner adjustments is used {o achieve optimum distortions.
Specifically, the challenge for the bonding induced distortions is that overlay targets are

required with conventional overlay measurements.

[0004] The methodology described above may be disadvantageous for multiple reasons.
First, achieving the proper correction accuracy requires a high density of metrology
targets to capture all the bonding induced distortions. While some of the process induced
distortions (both from bonding as well as post bonding processing) vary over the wafer in
a relatively smooth fashion, there are signatures where distortions occur on a relatively
short scale. These signatures are exemplified by distortions that are generated during the
initiation of the bonding process in the center of the wafer. These signatures may occur
over fairly short distances (i.e., over a distance of 20-30 mm). Characterization of these
signatures requires a very high density of metrology targets. Placing such a high density
of targets may not be feasible as these targets may interfere with the device pattern. The
previous method requires extensive, and therefore, time consuming overlay metrology. It
is therefore desirable to have an overlay metrology approach capable of generating dense
distortion measurements without requiring overlay targets. For the purpose of detecting
any shifts in the bonder induced distortions that may be detrimental for the lithography
corrections, it is desirable to monitor the bonder performance as soon as the bonding has
occurred. In the conventional approach, using infrared light to measure the overlay
between features on the device and carrier wafer requires additional processing of the
carrier wafer for the purpose of forming reference marks which would otherwise not be
required. Finally, the standard approach typically uses a feedback control for the
lithography scanner, which may not account for wafer-to-wafer variability (induced by
differences between bonders). Thus, it would be desirable {o provide a system and
method that cure the shortfalls identified above.
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SUMMARY

[0005] A wafer shape metrology system is disclosed, in accordance with one or more
illustrative embodiments of the present disclosure. In one illustrative embodiment, the
system includes a wafer shape metrology sub-system configured to perform one or more
stress-free shape measurements on a first wafer, a second wafer, and a bonded device
wafer, where the bonded device wafer comprises a post-bonding pair of the first wafer
and the second wafer. In another illustrative embodiment, the system may include a
controller communicatively coupled to the wafer shape metrology sub-system, the
controller including one or more processors to: receive one or more stress-free shape
measurements from the wafer shape sub-system; determine overlay distortion between
one or more features on the first wafer and one or more features on the second wafer
based on the one or more stress-free shape measurements of the first wafer, the second
wafer, and the bonded device wafer; and convert the overlay distortion to a feed-forward

correction for one or more lithographic scanners.

[0008] A system is disclosed, in accordance with one or more illustrative embodiments
of the present disclosure. In one illustrative embodiment, the system includes a controller
configured {o receive one or more shape measurements from a wafer shape metrology
sub-system. In another illustrative embodiment, the controller includes one or more
processors configured to execute a set of program instructions stored in a memory. In
another illustrative embodiment, the set of program instructions are configured o cause
the one or more processors to: receive the one or more stress-free shape measurements
from the wafer shape sub-system; determine overlay distortion between one or more
features on the first wafer and one or more features on the second wafer based on the
one or more stress-free shape measurements of the first wafer, the second wafer, and
the bonded device wafer; and convert the overlay distortion to a feed-forward correction

for one or more lithographic scanners.

[0007] A method of determining an optimal signature for a plurality of process tools is
disclosed, in accordance with one or more illustrative embodiments of the present

disclosure. in one illustrative embodiment, the method may include, but is not limited to,
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determining a control range for each process tool of the plurality of process tools, where
the control range of each process tool of the plurality of process tools may include one or
more signatures. In another illustrative embodiment, the method may include, but is not
limited to, identifying a range of achievable signatures within the control range for each
process tool of the plurality of process tools. In another illustrative embodiment, the
method may include, but is not limited to, calculating an optimal signature for each
process tool of the plurality of process tools, where the optimal signature is identified
based on one or more additional optimization criteria. In another illustrative embodiment,
the method may include, but is not limited to, predicting an overlay distortion pattern
based on the optimal signatures calculated. In another illustrative embodiment, the
method may include, but is not limited to, providing a feedback adjustment to the plurality

of process tools based on the predicted overlay.

[0008] ltis 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 invention as claimed. The accompanying drawings, which are
incorporated in and constitute a part of the specification, illustrative embodiments of the
invention and together with the general description, serve to explain the principles of the

invention.

BRIEF DESCRIPTION OF DRAWINGS

[0009] The numerous advantages of the disclosure may be better understood by those

skilled in the art by reference to the accompanying figures.

[0010] FIG. 1A illustrates a simplified block diagram of a wafer shape metrology system,

in accordance with one or more embodiments of the present disclosure.

[0011] FIG. 1B illustrates a conceptual view of the wafer shape metrology system
performing wafer shape measurements on a first wafer, a second wafer, and a post
bonded pair of wafers, in accordance with one or more embodiments of the present

disclosure.
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[0012] FIG. 2 illustrates a flow diagram depicting a method of converting metrology data
into a feed-forward correction for a lithography tool, in accordance with one or more

embodiments of the present disclosure.

[0013] FIG. 3 illustrates a flow diagram depicting a method of converting an overlay
distortion into a feedforward correction for a lithography tool, in accordance with one or

more embodiments of the present disclosure.

[0014] FIG. 4 illustrates a conceptual diagram depicting a potential golden signature

range, in accordance with one or more embodiments of the present disclosure.

[oo1s} FIG. 5 illustrates a conceptual diagram depicting an optimization of a range of
golden signatures, in accordance with one or more embodiments of the present

disclosure.

[0016} FIG. 6 illustrates a flow diagram depicting a method of determining an optimal
control signature for a bonding tool or a lithography tool, in accordance with one or more
embodiments of the present disclosure.

DETAILED DESCRIPTION

[0017] Reference will now be made in detail to the subject matter disclosed, which is
iflustrated in the accompanying drawings. The present disclosure has been particularly
shown and described with respect to certain embodiments and specific features thereof.
The embodiments set forth herein are taken to be illustrative rather than limiting. it should
be readily apparent to those of ordinary skill in the art that various changes and
modifications in form and detail may be made without departing from the spirit and scope

of the disclosure.

[0018] Referring generally to FIGS. 1A-6, a system and method for optimizing through
silicon via (TSV) overlay are illustrated, in accordance with one or more embodiments of
the present disclosure.
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[0019] Embodiments of the present disclosure are directed to a system and method for
optimizing Through Silicon Via (TSV) overlay in a buried power rail process.
Embodiments of the present disclosure may be implemented to achieve tight overlay
requirements in the buried power rail process. The system and method of the present
disclosure may include the following components: a wafer shape based overlay metrology
solution comprising shape measurements on three wafers (a device and carrier wafer
individually as well as the device and carrier wafer bonded together); an algorithm to
convert the shape measurements to distortion measurements; and a means to convert
the distortion pattern to a CPE correction which may include means to remove the TSV
scanner alignment adjustments, which may further include a set of different alignment
models (e.g., HOWA1, HOWAQ3). Also, the system and method may include: additional
shape measuremenis post-grinding as well as pre-TSV lithography; an algorithm to
convert the shape changes to overlay distortions; and combining the scaled bonding

corrections and the shape contributions in one CPE correction.

[0020] In embodiments, the buried power rail process may include an active wafer with
functioning logic circuitry and a carrier (electronically passive) wafer which are to be
bonded together to form a bonded device wafer. Following the bonding process, the
silicon of the device wafer may be thinned down (e.g., to approximately 5 microns). Then,
TSV’s may be patterned and etched on the backside of the device wafer. These vias may
establish an electrical connection between the backside of the thinned silicon and its
frontside where the now “buried” FEOL circuitry is located. TSV’s allow for the connection
from the backside to the front of the wafer, which is done in a classical lithography
process. The bonding process as well as the subsequent wafer processing (after thinning)
contribute to the distortion patterns that affect the TSV to device overlay. Thus, it is
desirable to provide a system and method by which the wafer distortions may be captured
and used to generate a scanner correction in a feed forward manner which will minimize
the overlay for the TSV lithography exposure. It is further desirable to include a control
methodology having: a high resolution, high throughput overlay metrology; the capability
of generating required high order corrections before exposure of the wafers at TSV
lithography; no requirements of metrology targets on the carrier wafer; and optimized

controls available on both the bonder as well as the lithography scanner.
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[0021] FIG. 1A illustrates a simplified block diagram of a wafer shape metrology system

100, in accordance with one or more embodiments of the present disclosure.

[0022] In embodiments, the system 100 is used within a buried power rail process. The
system 100 includes a wafer shape metrology sub-system 102. The system 100 may also
include a controller 104 communicatively coupled to a detector output of the wafer shape
metrology sub-system 102. The controller 104 may include one or more processors 106
and memory 108. The one or more processors 106 of the controller 104 may be
configured to execute a set of program instructions stored in memory 108. The set of
program instructions may be configured to cause the one or more processors 106 to carry

out various steps and processes of the present disclosure.

[0023] The wafer shape metrology sub-system 102 may include any wafer geometry tool
or system known in the art capable of acquiring one or more shape parameters from one
or more wafers. In embodiments, the wafer shape metrology sub-system 102 includes an
interferometer sub-system configured to perform one or more metrology and/or
characterization processes on one or more wafers. For example, the wafer shape
metrology sub-system 102 may include a dual interferometer system (e.g., dual Fizeau
interferometer) configured to perform measurements on opposite sides of a wafer. For
instance, wafer shape metrology sub-system 102 may include a first interferometer sub-
system 105a configured to generate a first illumination beam 101a in order to perform
one or more measurements on a first surface of the wafer, and a second interferometer
sub-system 105b configured to generate a second illumination beam 101b in order to
perform one or more measurements on a second surface of the wafer opposite the first
surface. The wafer metrology sub-system 102 may include a Patterned Wafer Geometry
(PWG) tool such as the PWG tool produced by KLA Inc. The use of interferometry for
wafer characterization is generally described in U.S. Patent No. 6,847,458, filed on March
20, 2003; U.S. Patent No. 8,949,057, filed on October 27, 2011; and U.S. Patent No.
9,121,684, filed on January 15, 2013, which are incorporated herein by reference in their

entirety.
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[0024] i is noted that dual-sided interferometry, such as a PWG tool, may be of particular
usefulness for implementation in the context of the processes of the present disclosure.
For example, thickness and/or change of thickness information may be input into a
machine learning algorithm and/or mechanical model of the present disclosure.
Additionally, dual-sided measurements provide flexibility in the event one surface has
attributes that makes measurement unreliable. In addition, dual-sided measurements

allow for the averaging of shape information from two measurements, improving reliability.

[0025] It is noted herein that the scope of the present disclosure is not limited to a dual
interferometer system of a PWG implementation and may be extended to encompass any
wafer metrology system or tool known in the art including, but not limited to, single-sided

interferometer systems.

[0026] In embodiments, the wafer shape metrology sub-system 102 is configured to
perform wafer shape measurements on wafers while in a stress-free or near stress-free
state. For the purposes of the present disclosure, the term “stress-free” should be
interpreted to mean a configuration with little force applied to the wafer from external
sources. The term “stress-free” may alternatively be interpreted as “free-standing”. With
external stresses removed, remnant deviations from a flat wafer shape are typically
induced through stressed layers present on the front side of the wafer or due to stresses
imposed by the bonding process. It is noted that these stresses caused by layers present
on the wafers are interpreted as internal stresses. In this sense, ‘shape’ of a wafer is a
combination of ‘natural shape’ (i.e., bare wafer shape) and the shape caused by internal

stresses on either surface of the wafer such as thin-films.

[00271 In embodiments, as shown in FIG. 1A, the wafer metrology sub-system 102 may
perform shape measurements on an active wafer, shape measurements on a second
wafer, and shape measurements on the post-bonded pair of wafers. It is noted that
measurements on the pre-bonded first and second wafers may be used to predict shape
of the post-bonded pair of wafers based on a mismatch of the shapes of the first and
second wafers and the effect of the bonder and bonding process on the post-bonded pair.
in embodiments, the first wafer may include an active wafer with functioning circuitry
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elements, the second wafer may include a carrier wafer, and the post-bonded pair of

wafers may include a bonded device wafer.

[0028] In embodiments, the wafer metrology sub-system 102 may perform a first shape
measurement on an active wafer 110a and then transmit the shape measurement data
to the controller 104 via a data signal 103a. The wafer metrology sub-system 102 may
perform a second shape measurement on a carrier wafer 110b and transmit the shape
measurement data to the controller 104 via a data signal 103b. Then, the active wafer
110a and the carrier wafer 110b may undergo a bonding process via a bonding device
111 to form a bonded device wafer 110c. The wafer metrology sub-system 102 may
perform a third shape measurement on the bonded device wafer 110c and then transmit

the shape measurement data to the controller 104 via data signal 103c.

[0029] In embodiments, following the bonding process, the controller 104 may convert
the measured shape information for the active wafer 110a, the carrier wafer 110b, and
the post-bonding wafer pair 110c¢ to local shape parameters that characterize local shape
characteristics. For example, these parameters may include partial first and second
derivatives of the shape or predictions of in-plane displacement using different
mechanical models. For instance, the local shape parameters may include, but are not
limited to, localized shape curvature (LSC) and/or in-plane distortion (IPD). Additional
metrics that have historically been used to predict wafer distortions on a scanner may
also be utilized. Such metrics include, but are not limited to, mechanical models to
describe the relationship between wafer shape and overlay based on approaches sue as
plate theory, finite element method, or proprietary modeling approaches such as the
parameters from the Gen3, Gen4, and/or Gen5 models from KLA corporation.

[0030] In embodiments, the one or more processors 106 of controller 104 may include
any processor or processing element known in the art. For the purposes of the present
disclosure, the term “processor” or “processing element” may be broadly defined to
encompass any device having one or more processing or logic elements (e.g., one or
more micro-processor devices, one or more application specific integrated circuit (ASIC)

devices, one or more field programmable gate arrays (FPGAs), or one or more digital
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signal processors (DSPs)). In this sense, the one or more processors 106 may include
any device configured to execute algorithms and/or instructions (e.g., program

instructions stored in memory).

[0031] In additional and/or alternative embodiments, the one or more processors 106
may be embodied as a desktop computer, mainframe computer system, workstation,
image computer, parallel processor, networked computer, or any other computer system
configured to execute a program configured to operate or operate in conjunction with the
metrology system 100, as described throughout the present disclosure. Moreover,
different subsystems of the system 100 may include a processor or logic elements
suitable for carrying out at least a portion of the steps described in the present disclosure.
Therefore, the above description should not be interpreted as a limitation on the
embodiments of the present disclosure but merely as an illustration. Further, the steps
described throughout the present disclosure may be carried out by a single controller or,
alternatively, multiple controllers. Additionally, the controller 104 may include one or more
controllers housed in a common housing or within multiple housings. In this way, any
controller or combination of controllers may be separately packaged as a module suitable
for integration into metrology system 100. Further, the controller 104 may analyze data
received from the wafer metrology sub-system 102 and feed the data to additional

components within the metrology system 100 or external to the metrology system 100.

[0032] The memory medium 108 may include any storage medium known in the art
suitable for storing program instructions executable by the associated one or more
processors 106. For example, the memory medium 108 may include a non-transitory
memory medium. By way of another example, the memory medium 108 may include, but
is not limited to, a read-only memory (ROM), a random-access memory (RAM), a
magnetic or optical memory device (e.g., disk), a magnetic tape, a solid-state drive and
the like. It is further noted that memory medium 108 may be housed in a common
controller housing with the one or more processors 106. In one embodiment, the memory
medium 108 may be located remotely with respect to the physical location of the one or

more processors 106 and controller 104. For instance, the one or more processors 106
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of controller 104 may access a remote memory (e.g., server), accessible through a

network (e.g., internet, intranet and the like).

[0033] It is noted herein that the one or more components of the disclosed system 100
may be communicatively coupled to the various other components of the system in any
manner known in the art. For example, the wafer metrology sub-system 102, controller
104, and a user interface may be communicatively coupled to each other and other
components via a wireline (e.g., copper wire, fiber optic cable, and the like) or wireless
connection (e.g., RF coupling, IR coupling, data network communication (e.g., WiFi,
WiMax, 3G, 4G, 4G LTE, 5G, Bluetooth, and the like)).

[0034] It is noted that additional or alternative embodiments of determining overlay
distortion patterns are described in detail in U.S. Patent Application No. 17/161,389, filed
on January 28, 2021, which is incorporated herein by reference in the entirety.

[0035] FIG. 2 illustrates a flow diagram depicting a method of converting metrology data
into a feed-forward correction for a lithography tool, in accordance with one or more
embodiments of the present disclosure. It is noted herein that the steps of method 200
may be implemented all or in part by wafer metrology system 100. It is further recognized,
however, that the method 200 is not limited to the wafer metrology system 100 in that
additional or alternative system-level embodiments may carry out all or part of the steps
of method 200.

[0036] In a step 202, a wafer shape measurement may be performed on the active wafer
110a and the carrier wafer 110b. For example, as shown in FIG. 1A, the wafer shape sub-
system 102 may perform a wafer shape measurement on an active wafer 110a or a carrier
wafer 110b prior to a wafer bonding process.

[0037] In a step 204, the active wafer 110a and the carrier wafer 110b may be bonded
to form a bonded device wafer 110¢c. For example, a bonding tool 111 may bond the
active wafer 110a and the carrier wafer 110b in a wafer-to-wafer bonding process. The

bonding tool may be configured for hybrid wafer bonding or fusion wafer bonding.
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[0038] In embodiments, the system 100 may include a buried power rail process. The
buried power rail process may include two separate wafers. For example, one of the
wafers may include a carrier wafer (e.g., an electronically passive wafer) without device
patterns, and the other wafer may include a device wafer (e.g., a wafer having circuitry
fogic) configured to undergo standard logic patterning. By way of another example, the

carrier wafer and the device wafer may be configured to bond face-to-face.

[0039] In a step 206, a wafer shape measurement is performed on a bonded device
wafer 110c. For example, as shown in FIG. 1A, the wafer shape sub-system 102 may
perform a wafer shape measurement on the bonded device wafer 110c following the

bonding process.

[0040] In a step 208, a wafer grinding and/or thinning process is performed on a bonded
device wafer 110c. In embodiments, following the bonding process, one or more process
steps may be carried out to remove silicon on the backside of the carrier wafer. For
example, a TSV patterning step may be carried out, which consists of patterning the
device wafer as well as etching and filling the device wafer to provide electrical connection

from the backside to the front side of the device wafer.

[0041] In a step 210, a wafer shape measurement is performed on a patterned wafer
following the grinding and/or thinning process. For example, as shown in FIG. 1A, the
wafer shape sub-system 102 may perform a wafer shape measurement on the wafer
following the grinding and/or thinning process.

[0042] In a step 212, one or more additional processing steps may be performed on the
wafer. For example, the one or more additional processing steps may include one or more
deposition steps that potentially contribute to additional distortions of the bonded device
wafer 110c.

[0043] In a step 214, a wafer shape measurement is performed on the wafer following
the one or more additional processing steps. For example, the wafer shape measurement

may be performed before the TSV lithography process.
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[0044] In a step 216, one or more feed-forward corrections are provided to a process
tool. For example, as shown in FIG. 1A, one or more feedforward control signals 115 may
be transmitted to one or more process tools 112 to adjust one or more states of the one
or more process tools 112 to minimize/mitigate overlay between the active wafer 110a
and the carrier wafer 110b. For example, the controller 104 may generate one or more
feed-forward control signals configured to adjust one or more downstream process tools.
Process tools which may be adjusted may include, but are not limited to, a lithography
tool, a deposition tool, a polishing tool, an etching tool, a bonder, and the like. For
example, such adjustments may include the deposition of backside films to compensate
for the shape changes. In this regard, the predicted overlay information may be used to

minimize (or at least mitigate) the overlay observed on the bonded device wafer 110c.

[0045] In embodiments, the controller 104 may be configured to generate one or more
feed-forward control signals which may be configured to: generate a distortion pattern as
it is seen by the scanner alignment system; simulate the performance of the alignment
system based on known parameters such as alignment model and alignment sampling
site information; generate a CPE correction, which constitutes as the feed-forward
correction, based on residuals of the simulation. In additional andfor alternative
embodiments, the one or more feed-forward corrections may be combined with other
feed-forward corrections that may include other process corrections applied to the wafer

for example a backside film deposition to adjust for significant shape deformations.

[0046] In embodiments, the method of FIG. 2 is controlled through the use of 4 PWG
shape measurements as well as a post-TSV lithography overlay measurement. For
example, the first three measurements performed (i.e., the pre-bonding measurements
of the active wafer 110a and the carrier wafer 110b as well as the post-bonding
measurement of the device wafer 110c) are used to generate predicted overlay distortion
data based on the bonding process. By way of another example, the predicted overiay
distortion data, contributed by the bonding process, is expected to affect the TSV overlay.
In additional and/or alternative embodiments, two additional shape measurements are
done following a grinding/thinning process and prior to a TSV lithography exposure

process.
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[0047] In embodiments, shape changes between the post-grinding PWG measurement
and the pre-TSV lithography measurement may contribute to the predicted overlay
distortion and TSV overlay. It is noted herein that shape induced overlay variations may
be addressed using shape to overlay conversion algorithms (e.g., Gen4 or Gen6 which

are shape to overlay conversion algorithms in use by KLA).

[0048] In embodiments, the predicted overlay distortion pattern as encountered by the
scanner alignment system is generated as a combination of both the bonding
contributions {(e.g., PWG measurements pre-bonding and post-bonding) as well as the

shape contribution.

[0049] The 4 PWG measurements may be configured to generate the distortion pattern
as seen by the scanner alignment system. For example, a method of combining the pre-
bonding and post-bonding shape measurements for generating a misalignment map has
been previously described in U.S. Patent Application No. 17/161,369, filed on January
28, 2021, which is incorporated herein by reference in the entirety.

[0050] In embodiments, the misalignment map may include distortions that have been
introduced in both the device wafer as well as the carrier wafer. For example, the
distortion pattern of the device wafer is relevant for TSV lithography, which account for
the delta allowing for a scaling of the distortion pattern with an adjustable parameter. By
way of another example, the adjustable parameter may be determined empirically or
through simulations of the mechanical problem (e.g., through finite element situations or
the like). Additionally, the distortion may be assessed using a wafer registration
measurement (e.g., capabilities of the IPRO7W system, which is an optical registration

measurement tool).

[0051] In additional and/or alternative embodiments, the predicted overlay distortion
pattern may be analyzed by simulating the alignment performance of the scanner. The
purpose of this simulation is to account for the contribution of the scanner alignment
system to reduce the effective distortions seen after the exposure. For example, the
simulation of the alignment performance may include, but is not limited to, predicting the

expected alignment resulis at the location of the scanner alignment targets; extracting the
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alignment model parameters for the model used on the lithography scanner (e.g., a high
order alignment model, third order (HOWAZ3)); remove the modeled component from the
full wafer overlay data to establish the residual distortions. These distortions are then
used to generate the ideal scanner correction. For example, this correction may be a
combination of both a high order wafer model and a correction by exposure (CPE) model.
These corrections may be calculated on a lot average basis as well as a wafer by wafer
basis. These cortrections may then be transferred to the scanner for the purpose of

applying optimized (i.e., resulting in the lowest residual distortions) exposure corrections.

[e052] In alternative embodiments, a feed forward control approach may include
collecting pre-bonding shape measurements of wafers 110a,b to adjust the bonder
settings. In this case the distortions induced by the bonding process for a given
combination of the bonding tool and bonding module are combined with the simulated
impact of the incoming wafer shapes on the post bonding results. In the simplest case
this combination may be simply a linear addition of the effects of the incoming shape with
a static bonder signature. In more complex cases interactions between the incoming
shape and the bonder settings need to be accounted for. For example, the bow of the
incoming wafers has been found to impact the magnitude of higher order distortions. In
either case (differentiated by the complexities of the model) using the bonder modeling
control approach described in U.S. Patent Application No. 17/589,518, file on January 31,
2022, which is incorporated by reference herein in the entirety, adjustments may be made
to the bonder settings to compensate for the predicted impact of the incoming wafer

shape.

[0653] In another application of the feedforward adjustments, it should be noted that the
prediction algorithm may be used to select pairs of wafers for the purpose of achieving
optimal post bonding distortion. For example, it should be noted that the shape
contributions of the incoming wafers to the post bonding results are minimal if both wafers
show similar signatures. It is noted herein that the signature of one of the wafers needs
to be flipped to account for the fact that the top wafer is flipped for the bonding relative to

the measurement orientation.
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[0054] FIG. 3 illustrates a flow diagram depicting a method of converting an overlay
distortion into a feedforward correction for a lithography tool, in accordance with one or
more embodiments of the present disclosure. It is noted herein that the steps of method
300 may be implemented all or in part by wafer metrology system 100. It is further
recognized, however, that the method 300 is not limited to the wafer metrology system
100 in that additional or alternative system-level embodiments may carry out all or part of
the steps of method 300.

[0055] In a step 302, a wafer shape measurement is performed on a first wafer. For
example, as shown in FIG. 1A, the wafer shape sub-system 102 may perform a wafer

shape measurement on an active wafer 110a prior to a wafer bonding process.

[0056] In a step 304, a wafer shape measurement is performed on a second wafer. For
example, as shown in FIG. 1A, the wafer shape sub-system 102 may perform a wafer
shape measurement on a carrier wafer 110b prior to a wafer bonding process.

[0057] In a step 306, the first wafer and the second wafer are bonded to form a bonded
device wafer. For example, a bonder 111 may bond the active wafer 110a and the carrier
wafer 110b in a wafer-to-wafer bonding process. The bonder 111 may be configured for
hybrid wafer bonding or fusion wafer bonding. By way of another example, the bonded
device wafer 110c may be configured to function as a device wafer. By way of another
example, the device wafer may undergo a grinding and/or thinning process and a TSV
patterning and etching process.

[0058] In a step 308, a wafer shape measurement is performed on the device wafer. For
example, as shown in FIG. 1A, the wafer shape-sub-system 102 may perform a wafer
shape measurement on the device wafer following the bonding process.

[0059] In a step 310, overlay between features on the first wafer and features on the
second wafer are predicted based on the shape measurements from the first wafer, the
second wafer, and the bonded pair wafer. in embodiments, the controller 104 may
determine or predict overlay between features on the active wafer 110a and features on

the carrier wafer 110b based on the shape measurements from the active wafer 110a,
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the carrier wafer 110b, and the device wafer. For example, the controller 104 may execute
an algorithm that correlates shape information from the active wafer 110a, the carrier
wafer 110b, and the device wafer to overlay between features on the active wafer 110a
and the carrier wafer 110b. In a first step, the measured shape information of step 304,
306, and 308 may be converted by controller 104 to local shape parameters that
characterize local shape characteristics. Examples of such parameters are localized
shape curvature, IPD, and any other shape metrics used in the art to predict wafer

distortions.

[o060] In a step 310, overlay between features on the first wafer and features on the
second wafer are predicted based on the shape measurements from the first wafer, the
second wafer, and the bonded pair wafer. In embodiments, the controller 104 may
determine or predict deviations of the actual positions of features on the active wafer 110a
relative to their ideal position based on the shape measurements from the active wafer
110a, the carrier wafer 110b, and the device wafer. For example, the controller 104 may
execute an algorithm that correlates shape information from the active wafer 110a, the
carrier wafer 110b, and the device wafer to overlay between features on the active wafer
110a relative to their non distorted position. In a first step, the measured shape
information of step 304, 306, and 308 may be converted by controller 104 to local shape
parameters that characterize local shape characteristics. Examples of such parameters
are localized shape curvature, IPD, and any other shape metrics used in the art to predict

wafer distortions.

[0061] Inastep 312, one or more feedback and or feedforward adjustments are provided
to a process tool. For example, as shown in FIG. 1C, one or more control signals 113,
115 may be transmitted to one or more process tools (e.g., bonding tool 111 or lithography
tool 112) to minimize/mitigate overlay between the active wafer 110a and carrier wafer
110b or the relative position of features within the device wafer 110a. For example, the
controller 104 may generate one or more feedback control signals configured to adjust
one or more upstream process tools. In this regard, the predicted overlay information may

be used to minimize {(or at least mitigate) the overlay observed on future device wafers.
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[0062] While the focus of the present disclosure has been on the utilization of wafer
shape information before and after wafer bonding to provide feed-forward corrections for
a lithography tool, additional embodiments of the present disclosure are directed to the
simultaneous optimization of control of a bonding tool and lithographic tool. This

procedure may be carried out by utilizing a “golden signature”.

[co63] FIG. 4 illustrates a conceptual diagram depicting a potential golden signature
range, in accordance with one or more embodiments of the present disclosure. The
conceptual diagram may be configured to detail the simultaneous use of both the control
capabilities of the bonder as well as the scanner. The challenge of simultaneous control
with two process fools is to optimize the control capabilities of both tools in a typical
manufacturing environment where a fleet of bonding tools and a fleet of scanners is used
for manufacturing. in one embodiment, the control capabilities of the bonder may be used
to achieve a golden signature while the scanner corrections are subsequently tuned to
correct the golden signature. Typically, the distortions generated by a specific bonding
module do not entirely match to the distortions generated by another bonder module. In
the conceptual diagram 400, the individual bonder modules are represented as circles
along the x-axis. In the particular example shown, four different bonding modules are
being used. In embodiments, each of the tools have a slightly different distortion signature
which is represented by different positions along the y-axis. It is to be understood that the
bonding tool differences are not one-dimensional parameters, rather, they are differences
in the distortion maps. Each of the chambers, starting from the default distortion map,
can achieve different vector maps by using the available actuators and the available
actuator ranges to modify the signature. In diagram 400 this is represented, in a simplified

one-dimensional manner as a range of possible states.

[0064] In embodiments, a golden signature may be determined first by identifying the
range on the y-axis that is simultaneously achievable by all bonder modules. This is
indicated via the “overlap” area (e.g., horizontal bar) of all bonding maps. These are
potential candidates for golden signatures. In alternative embodiments, an overlap may
not exist, causing the smallest (i.e., larger than zero) bonder chamber to chamber

variability to be deemed the “golden signature”. For example, the 3-sigma variability of
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the delta of the distortions may be used. In embodiments, a buried rail process may
include two or more process tools (e.g., bonding tool, TSV lithography scanner, or the
like) that are configured to adjust which may contribute to the overlay distortion patterns.
The two or more process tools may be used in tandem to comprise a combined process
control. It is noted herein that the combined process control will be referred to as a “golden
signature”. For example, the golden signature may include a predicted targeted overlay
distortion pattern following a bonding process and may be particularly useful in scenarios

where a plurality of bonding tools is matched to a plurality of TSV lithography scanners.

[0065] In embodiments, each process tool of the plurality of process tools may include
a signature configured to adjust within a specified control range. For example, a signature
that is achievable for each process tool of the plurality of process tools may be referred
to as a golden signature. By way of another example, a potential golden signature range
may be determined when one or more signatures are achievable for each process tool of

the plurality of process tools.

[0o066] In embodiments, the specified control range may include a plurality of achievable
signature values for a plurality of process tools. For example, a controller 104 may be
configured to use additional optimization criteria to determine a golden signature value
from the achievable signature values within the specified control range. By way of another
example, the golden signature value may be used to predict one or more overlay distortion
patterns. By way of another example, the controller 104 may convert the predicted one
or more overlay distortion patterns into a correction for one or more lithography scanners.
The correction of the one or more lithography scanners may be used to adjust the plurality
of process tools and their corresponding signatures.

[0067] The precise golden signature is then determined by considering other relevant
metrics. For example, the best distortion signatures may be decided by evaluating the
achievable post-TSV lithography overlay performance while considering the correction
capabilities of the scanner. FIG. 5 illustrates a diagram depicting the optimization of a
preferred golden signature within a range of potential candidates, in accordance with one
or more embodiments of the present disclosure. For example, when there is a range of
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potential golden signatures, other optimization criteria may be used to identify a preferred
golden signature. The example in FIG. 5 illustrates a case where a multitude of golden
signatures are available represented by the range of points on the x-axis. in this particular
case each one of the golden signatures is further evaluated by the extent to which the
subsequent scanner correction can reduce the total variability seen after TSV lithography
as shown on the y-axis. As seen in FIG. 5, the best condition is identified as the point
with the lowest variability (i.e., the lowest y value). In other embodiments, optimization
related to the frequency with which the bonder needs to be shut down for maintenance
may be used. For example, the controller 104 may be configured to use a plurality of
potential signature values to generate one or more overlay distortion patierns. By way of
another example, the controller 104 may be configured to determine an optimal golden
signature based on generating one or more overlay distortion patterns and selecting the

golden signature value that corresponds to the minimum achievable overlay performance.

[oo68] FIG. 6 illustrates a flow diagram depicting a method of determining an optimal
control signature for a bonding tool or a lithography tool, in accordance with one or more
embodiments of the present disclosure. It is noted herein that the steps of method 600
may be implemented all or in part by wafer metrology system 100. It is further recognized,
however, that the method 600 is not limited to the wafer metrology system 100 in that
additional or alternative system-level embodiments may carry out all or part of the steps
of method 600.

[0069] In a step 602, a control range is determined for at least one of the plurality of
bonding tools and/or the plurality of lithography scanners. The control range of at least
one of the plurality of bonding tools and/or the plurality of scanners may include one or

more control signatures.

[0070] In a step 604, a range of achievable control signatures is identified within the
control range for at least one of the plurality of bonding tools and/or the plurality of

lithography scanners.
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[0071] In a step 606, an overlay distortion pattern may be predicted based on the range
of achievable control signatures for at least one of the plurality of bonding tools and/or the

plurality of lithography scanners.

[0072] In a step 608, an optimal control signature is calculated for at least one of the
plurality of bonding tools and/or the plurality of lithography scanners. In embodiments, an
optimal control signature may be identified based on a minimal achievable overlay for at

least one of the plurality of bonding tools or the plurality of lithography scanners.

[0073] In a step 610, a feedback correction may be provided to at least one of the
plurality of bonding tools or the plurality of lithography scanners based on the calculated

optimal control signatures.

[0074] Sofar we have discussed the case were a matching distortion pattern between
different bonders / bonder tools is achievable. In the scenario where such a condition is
not available other approaches my need to be deployed. For example the adjustment
capabilities of the bonder may be used to stabilize the post bonding distortion with respect
to tool drift or incoming wafer variations (as outlined above). In this case the litho
adjustments will be controlled depending on the information of the bonder tool that was
used to process the pair. It then becomes context information that uses bonder tool

dependent threads for determining scanner corrections.

[0075] One skilled in the art will recognize that the herein described components,
operations, devices, objects, and the discussion accompanying them are used as
examples for the sake of conceptual clarity and that various configuration modifications
are contemplated. Consequently, as used herein, the specific exemplars set forth and the
accompanying discussion are intended to be representative of their more general classes.
In general, use of any specific exemplar is intended to be representative of its class, and
the non-inclusion of specific components, operations, devices, and objects should not be

taken as limiting.

[6076] Those having skill in the art will appreciate that there are various vehicles by

which processes and/or systems and/or other technologies described herein can be
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effected (e.g., hardware, software, and/or firmware), and that the preferred vehicle will
vary with the context in which the processes and/or systems and/or other technologies
are deployed. For example, if an implementer determines that speed and accuracy are
paramount, the implementer may opt for a mainly hardware and/or firmware vehicle;
alternatively, if flexibility is paramount, the implementer may opt for a mainly software
implementation; or, yet again alternatively, the implementer may opt for some
combination of hardware, software, and/or firmware. Hence, there are several possible
vehicles by which the processes and/or devices and/or other technologies described
herein may be effected, none of which is inherently superior to the other in that any vehicle
to be utilized is a choice dependent upon the context in which the vehicle will be deployed
and the specific concerns {e.g., speed, flexibility, or predictability) of the implementer, any

of which may vary.

[0077] The previous description is presented to enable one of ordinary skill in the art to

make and use the invention as provided in the context of a particular application and its

» @ »ou

requirements. As used herein, directional terms such as “top,” “bottom,” “over,” “under,”

38 ” o«

“upper,” ‘upward,” “lower,” “down,” and “downward” are intended to provide relative
positions for purposes of description, and are not intended to designate an absolute frame
of reference. Various modifications to the described embodiments will be apparent to
those with skill in the art, and the general principles defined herein may be applied to
other embodiments. Therefore, the present invention is not intended to be limited to the
particular embodiments shown and described, but is to be accorded the widest scope

consistent with the principles and novel features herein disclosed.

[0078] With respect to the use of substantially any plural and/or singutar terms herein,
those having skill in the art can translate from the plural to the singular and/or from the
singular to the plural as is appropriate to the context and/or application. The various

singular/plural permutations are not expressly set forth herein for sake of clarity.

[0079] All of the methods described herein may include storing results of one or more
steps of the method embaodiments in memory. The results may include any of the results
described herein and may be stored in any manner known in the art. The memory may
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include any memory described herein or any other suitable storage medium known in the
art. After the results have been stored, the results can be accessed in the memory and
used by any of the method or system embodiments described herein, formatted for
display to a user, used by another software module, method, or system, and the like.

»ou

Furthermore, the results may be stored “permanently,” “semi-permanently,” temporarily,”
or for some period of time. For example, the memory may be random access memory

(RAM), and the results may not necessarily persist indefinitely in the memory.

[0080] It is further contemplated that each of the embodiments of the method described
above may include any other step(s) of any other method(s) described herein. In addition,
each of the embodiments of the method described above may be performed by any of

the systems described herein.

[0081] The herein described subject matter sometimes illustrates different components
contained within, or connected with, other components. It is {0 be understood that such
depicted architectures are merely exemplary, and that in fact many other architectures
can be implemented which achieve the same functionality. in a conceptual sense, any
arrangement of components to achieve the same functionality is effectively "associated”
such that the desired functionality is achieved. Hence, any two components herein
combined to achieve a particular functionality can be seen as "associated with" each other
such that the desired functionality is achieved, irrespective of architectures or intermedial
components. Likewise, any two components so associated can also be viewed as being
"connected,” or "coupled," to each other to achieve the desired functionality, and any two
components capable of being so associated can also be viewed as being "couplable,” to
each other to achieve the desired functionality. Specific examples of couplable include
but are not limited to physically mateable and/or physically interacting components and/or
wirelessly interactable and/or wirelessly interacting components and/or logically

interacting and/or logically interactable components.

[0082] Furthermore, itis to be understood that the invention is defined by the appended
claims. It will be understood by those within the art that, in general, terms used herein,
and especially in the appended claims (e.g., bodies of the appended claims) are generally
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intended as “open” terms (e.g., the term “including” should be interpreted as “including
but not limited to,” the term “having” should be interpreted as *having at least,” the term
“includes” should be interpreted as “includes but is not limited to,” and the like). It will be
further understood by those within the art that if a specific number of an introduced claim
recitation is intended, such an intent will be explicitly recited in the claim, and in the
absence of such recitation no such intent is preseni. For example, as an aid to
understanding, the following appended claims may contain usage of the introductory
phrases "at least one" and "one or more” to introduce claim recitations. However, the use
of such phrases should not be construed to imply that the introduction of a claim recitation
by the indefinite articles "a" or "an" limits any particular claim containing such introduced
claim recitation to inventions containing only one such recitation, even when the same
claim includes the introductory phrases "one or more" or "at least one" and indefinite
articles such as "a" or "an” (e.g., “a” and/or “an” should typically be interpreted to mean
“at least one” or “one or more”); the same holds true for the use of definite articles used
to introduce claim recitations. In addition, even if a specific number of an introduced claim
recitation is explicitly recited, those skilled in the art will recognize that such recitation
should typically be interpreted to mean at least the recited number (e.g., the bare
recitation of "two recitations," without other modifiers, typically means at least two
recitations, or two or more recitations). Furthermore, in those instances where a
convention analogous to “at least one of A, B, and C, and the like” is used, in general
such a construction is intended in the sense one having skill in the art would understand
the convention {e.g., “ a system having at least one of A, B, and C” would include but not
be limited to systems that have A alone, B alone, C alone, A and B together, A and C
together, B and C together, and/or A, B, and C together, and the like). In those instances
where a convention analogous to “at feast one of A, B, or C, and the like” is used, in
general such a construction is intended in the sense one having skill in the art would
understand the convention (e.g., “ a system having at least one of A, B, or C” would
include but not be limited to systems that have A alone, B alone, C alone, A and B
together, A and C together, B and C together, and/or A, B, and C together, and the like).
it will be further understood by those within the art that virtually any disjunctive word

and/or phrase presenting two or more alternative terms, whether in the description,
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claims, or drawings, should be understood to contemplate the possibilities of including
one of the terms, either of the terms, or both terms. For example, the phrase “A or B” will

be understood to include the possibilities of “A” or "B” or “A and B”.

[0083] It is believed that 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 al! of its material
advantages. The form described is merely explanatory, and it is the intention of the
following claims to encompass and include such changes. Furthermore, it is to be

understood that the invention is defined by the appended claims.
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CLAIMS

What is claimed:

1. A wafer shape metrology system comprising:

a wafer shape metrology sub-system configured to perform one or more stress-
free shape measurements on a first wafer, a second wafer, and a bonded device wafer,
wherein the bonded device wafer comprises a post-bonding pair of the first wafer and the
second wafer; and

a controller communicatively coupled to the wafer shape metrology sub-system,
the controller including one or more processors configured to execute a set of program
instructions stored in a memory, the set of program instructions configured to cause the
one or more processors to:

receive the one or more stress-free shape measurements from the wafer
shape sub-system;

determine overlay distortion between one or more features on the first wafer
and one or more features on the second wafer based on the one or more stress-
free shape measurements of the first wafer, the second wafer, and the bonded
device wafer; and

convert the overlay distortion o a feedforward correction for one or more

lithographic scanners.

2. The system of Claim 1, wherein the first wafer is an active wafer including

functioning logic circuitry and the second wafer is an electrically passive carrier wafer.

3. The system of Claim 1, wherein the device wafer undergoes a thinning process.

4. The system of Claim 3, wherein a set of through silicon vias (TSVs) are patterned

and etched on the backside of the device wafer.
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5. The system of Claim 4, wherein the set of TSVs comprise one or more contacts
configured to provide an electrical connection from a back side of the device wafer to the

front side of the device wafer.

6. The system of Claim 1, wherein the converting the overlay signature to a
feedforward correction for one or more lithographic scanners comprises:

converting the overlay signature to a feedforward correction for one or more
lithographic scanners to reduce overlay for one or more lithographic exposures in a TSV

process.

7. The system of Claim 6, wherein the converting the overlay signature to a
feedforward correction for one or more lithographic scanners includes one or more scaled

bonding adjustments.
8. The system of Claim 6, wherein the wafer shape metrology sub-system is

configured to perform one or more additional shape measurements on the device wafer

following a grinding process and prior to the TSV process.
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9. A system comprising:

a controller configured fo receive one or more stress-free shape measurements
from a wafer shape metrology sub-system, wherein the controller includes one or more
processors configured to execute a set of program instructions stored in a memory,
wherein the set of program instructions are configured to cause the one or more
processors to:

receive the one or more stress-free shape measurements from the wafer
shape sub-system;

determine overlay distortion between one or more features on the first wafer
and one or more features on the second wafer based on the one or more stress-
free shape measurements of the first wafer, the second wafer, and the bonded
device wafer; and

convert the overlay distortion to a feedforward correction for one or more

lithographic scanners.

10.  The system of Claim 9, wherein the first wafer is an active wafer including

functioning logic circuitry and the second wafer is an electrically passive carrier wafer.

11.  The system of Claim 9, wherein the device wafer undergoes a thinning process.

12.  The system of Claim 11, wherein a set of through silicon vias (TSVs) are patterned

and etched on the backside of the device wafer.
13.  The system of Claim 11, wherein the set of TSVs comprise one or more contacts
configured to provide an electrical connection from a back side of the device wafer to the

front side of the device wafer.

14. The system of Claim 9, wherein the converting the overlay signature o a

feedforward correction for one or more lithographic scanners comprises:
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converting the overlay signature to a feedforward correction for one or more
lithographic scanners to reduce overlay for one or more lithographic exposures in a TSV

process.

15.  The system of Claim 14, wherein the converting the overlay signature to a
feedforward correction for one or more lithographic scanners includes one or more scaled

bonding adjustments.
16. The system of Claim 14, wherein the wafer shape metrology sub-system is

configured to perform one or more additional shape measurements on the device wafer

following a grinding process and prior to the TSV process.
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17. A system comprising:
a plurality of bonding tools;
a plurality of lithography scanners; and
a controller communicatively coupled to the plurality of bonding tools or the plurality
of lithography scanners, wherein the controller includes one or more processors
configured to execute a set of program instructions stored in a memory, wherein the set
of program instructions are configured to cause the one or more processors to:
determine a control range for at least one of the plurality of bonding tools or
the plurality of lithography scanners, wherein the control range of at least one of
the plurality of bonding tools or the plurality of lithography scanners includes one
or more control signatures;
identify a range of achievable control signatures within the control range for
at least one of the plurality of bonding tools or the plurality of lithography scanners;
predict an overlay distortion pattern based on the range of achievable
control signatures;
calculate an optimal control signature for at least one of the plurality of
bonding tools or the plurality of lithography scanners, wherein the optimal control
signature is identified based on a minimal achievable overlay for at least one of the
plurality of bonding tools or the plurality of lithography scanners; and
provide a feedback correction to at least one of the plurality of bonding tools
or the plurality of lithography scanners based on the calculated optimal control

signature.
18. The method of Claim 17, wherein similar signatures are selected for at least one

of the plurality of bonding tools or the plurality of lithography scanners based on a bonding

control loop.
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19. A method of determining an optimal signature for at least one of a plurality of
bonding tools or a plurality of lithography scanners, the method comprising:

determining a control range for at least one of the plurality of bonding tools or the
plurality of lithography scanners, wherein the control range of at least one of the plurality
of bonding tools or the plurality of lithography scanners includes one or more control
signatures;

identifying a range of achievable control signatures within the control range for at
least one of the plurality of bonding tools or the plurality of lithography scanners;

predicting an overlay distortion pattern based on the range of achievable control
signatures;

calculating an optimal control signature for at least one of the plurality of bonding
tools or the plurality of lithography scanners, wherein the optimal control signature is
identified based on a minimal achievable overlay for at least one of the plurality of bonding
tools or the plurality of lithography scanners; and

providing a feedback correction to at least one of the plurality of bonding tools or

the plurality of lithography scanners based on the calculated optimal control signature.

20. The method of Claim 19, wherein similar signatures are selected for the plurality

of process tools based on a bonding control loop.
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