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APPARATUS AND METHODS FOR WAFER TO WAFER BONDING

RELATED APPLICATIONS

fooo1]  Thisapplication claims priority to the following non-provisional application: U.S.
Patent Application Serial Number 16/924,847, filed July 9, 2020, entitled “Apparatus
and Methods for Wafer to Wafer Bonding,” whichis hereby incorporated by referencein

its entirety.

TECHNICALFIELD
focoz]  Thepresent inventionrelates generallyto substrate processing, and, in particular

embodiments, to apparatus and methods of wafer to wafer bonding.

BACKGROUND

fooo3]  Waferto wafer bonding is a packaging technology usedinthe productionof
microelectromechanical sy stems (MEMS), nanoelectromechanical sy stems (NEMS),
microelectronics and optoelectronics. Fusionbonding {also commonly referred to as
direct bonding)is a waferto wafer bonding processthat does not require any additional
intermediate layers. Infusionbonding, two wafers (e.g., a top wafer and a bottomwafer)
are brought together and the two wafers begin to bond as the surfaces of the wafers begin
totouch, forming a post-bond wafer. Annealingthe post-bond wafers at elevated
temperatures increases the bond strength betweenthe two wafers and forms a fusion

honded wafer.

f[oooq}  Figure 1Aillustrates a portion of a wafer to wafer bonding process 100 for
bonding two wafers using a conventional fusion bonding process. Infusionbonding, a
topwafer 105 and a bottomwafer 110 are honded to form a post-hond wafer 115. Fusion
bonding also includes annealing the post-bond wafersto strengthenthe bond between

the two wafers, which is not shown in Figure 1A.

fooos]  Thequality of a waferto wafer bond may be dependent upon a variety of factors
that may be grouped into two distinct categories: wafer characteristics and process
conditions. Examples of wafer characteristics include wafer flatness, wafer smoothness,
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wafer cleanliness, wafer materials, and so on, while examples of process conditions
include bonding temperature, environmental conditionsina bonding chaniber where the

waferto wafer bonding is performed, appliedforce, andsoon.

foco6}  Figure 1Billustratesa side-viewof post-bond wafer 115. As shownin Figure 1B,

top wafer 105 and bottom wafer 110 are well-bonded together and thereis a smooth
interface betweenthe two wafers. Figure 1 Cillustrates a side viewof post-bond wafer13c
highlighting a poor bond betweenthetwo wafers. Asshown in Figure 1C, topwafer 105
has a concave profile, whichleads tothe formationofa gap 135 whentop wafer 105 and

bottomwafer 110 arebonded.

SUMMARY

fooo7] In accordance withan embodiment of the invention, amethodis provided. The

methodincludes: having a first wafer bonding recipe and a model of a wafer bonding
process, the medel comprising an input indicative of a physical parameter of a first wafer
tobe bonded to a second wafer and configured to output awafer bonding recipe based on
the physical parameter of the first wafer; obtaining measurements of the first waferto
obtainthe physical parameter of the first wafer; generating, by the model, the first wafer
bonding recipe based onthe physical parameter of the first wafer; and bonding the first
waferto the second wafer in accordance withthe first wafer bonding recipeto producea

first post-bond wafer.

foco8]  Inaccordance withanother embodiment, amethodis provided. The method

includes: having a model of 2 wafer bonding process, the model comprising an input
indicative of a physical parameter of afirst post-bond wafer and configuredto outputa
wafer bonding recipe based onthe physical parameter of the first post-bond wafer;
bonding a first wafer to a second wafer in accordance with awafer bonding recipe, o
formthe first post-bond wafer; obtaining measurements of the first post-bond waferto
obtainthe physical parameter of the first post-bond wafer; generating, by the model, the

first wafer bonding recipein accordance withthe physical parameter of the first post-
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bond wafer; and bonding a third wafer to a fourth wafer in accordance with the first

wafer bonding recipe, to formasecond post-hond wafer.

fooogl  Inaccordance withstill another embodiment of theinvention, a processing
systemis provided. The processing systemincludes: anon-transitory computer-readable
storage medium comprising instructions that when executed cause aprocessor of a
computing device to perform operationsincoordination with a semiconductor wafer
fabrication process, the instructions comprising: having a first wafer bonding recipe and
a model of a wafer bonding process, the model comprising an input indicative of a
physical parameter of a first wafer to be bondedto a second wafer and configuredto
output a wafer bonding recipe based on the physical parameter of the first wafer;
obtaining measurements of the first waferto obtainthe physical parameter of the first
wafer; generating, by the model, the first wafer bonding recipe hased on the physical
parameter of the first wafer; and bonding the first waferto the second waferin

accordance with the first wafer bonding recipe to produce a first post-bond wafer,

BRIEF DESCRIPTION OF THE DRAWINGS

[co10]  For a more complete understanding of the present invention, and the advantages
thereof, reference is nowmade to the following descriptions takenin conjunctionwith
the accompanying drawings, in which:

{oo11] Figure tAillustrates a portion of a wafer to wafer bonding process for bonding
two wafersusing a conventional fusionbonding process;

foo12]  Figures 1 B-1Cillustrate side-views of post-bond wafers;

{0013} Figure 2 illustrates a conventional wafer fusion bonding process;

[oo14]  Figure g illustrates a wafer bonding systermn that utilizes wafer metrology datato
tune a wafer bonding recipe according to the exampie embodiments presented herein;
{oo15] Figure 4 illustrates an example wafer processingtool according to example

embodiments presented herein;
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foo16]  Figure 5illustrates a wafer fusion bonding process with example feedback

operationaccording to example embodiments presented herein;

foo1y] Figure 6 illustrates a wafer fusionbonding process witha first example
P

feedforward operation according to example embodiments presented herein;

[0018] Figure 7 illustrates a wafer fusionbonding process witha second example
feedforward operationaccording to example embodiments presented herein;

[ootg]  Figure 8 illusirates a flow diagramof example operations occurringina wafer
bonding process with feedforward optimization of the wafer bonding recipe accordingto
example embodiments presented herein;

foozol  Figure gAillustrates a flowdiagram of first example process creatingamodelofa
wafer bonding process using a finite element modeling (FEM) technique enhanced with

semi-empirical modeling accordingto example embodiments presented herein;

fooz]  Figure oB illustrates a flowdiagram of second example processincreating a
model of a wafer bonding process using FEM techniques enhanced with semi-empirical

modelingand calibration according to example embodiments presented herein;

[oo22]  Figure 1o illustrates aflow diagram of example operations occurring in creating a
model of a wafer bonding process using fingerprinting functions according to example

embodiments presented herein;

[oo23]  Figure 11illustrates aflowdiagram of operations occurringina generationofa
wafer bonding recipe with feedforward based optimization of the wafer bonding recipe
accordingto example embodiments presented herein;

[ooz24]  Figure 12illustrates a flowdiagram of example operations occurringina wafer
bonding process with feedback optimizationof the wafer boding recipe accordingto

example embodiments presented herein;
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foo2s]  Figure 13illustrates a flowdiagram of an example process increatinga model of a
wafer bonding processing using feedback data according to example embodiments

presented herein; and

foc26]  Figure 14 illustrates a tlowdiagram of operations occurringin a generationof a
wafer bonding recipe with feedback based optimization of the wafer bonding recipe
according to example embodiments presented herein.

[oozy Corresponding numerals and symbolsinthe different figures generally referto
corresponding parts unless otherwise indicated. The figures are drawnto clearly
illustrate the relevant aspects of the embodiments and are not necessarily drawnto scale.
The edges of features drawn in the figures do not necessarily indicate the terminationof

the extentofthe feature.

DETAILED DESCRIPTION OF ILLUSTRATIVEEMBODIMENTS

[0028] Themakingand using of various embodiments are discussed in detail below, It
should be appreciated, however, that the various emnbodiments described hereinare
applicablein a wide variety of specific contexts. The specific embodiments discussed are
merely illustrative of specific ways to make and use various embodiments, and should

not beconstrued in a limited scope.

foo2g]  Varioustechniques, asdescribed herein, pertainto wafer fusion bonding using
wafer meirology datato dynamicallv control the wafer honding recipeto control post-
bond wafer distortion. Asanexample, the wafer metrology datais providedto a model of
the wafer bonding processto determine process conditions of the wafer bonding process
that is predicted to produce post-bond wafers that meet a post-bond distortionthreshold,
which may then be applied to the actual bonding of the wafers. Inother words, the wafer
metrology dataisused to tune a wafer bonding recipe that will produce post-bond wafers
that meet the post-bond distortion threshold.

foo3o]  Figure 2 illustrates a conventional wafer fusion bonding process 200, Asshownin
Figure 2, a wafer processing tool 205 fusionbonds afirst top wafer 210 and a first bottom
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wafer 220 using a processof record {(POR ywafer bonding recipeto formafirst post-bond
wafer 230. Typically, aplurality of top wafersis bonded with a plurality of bottom wafers
to forma plurality of post-bond wafers. Asanexample, secondtopwafer 212 is bonded
with second bottom wafer 222 to form second post-bond wafer 232, and N-thtop wafer
214 is bonded with N-th bottomwafer 224 to formN-thpost-bond wafer 234. The
annealing stage of conventional wafer fusionbonding process 260 is not shownin Figure

2.

[oog1]  Inthe conventional wafer fusionbonding process, the same POR wafer bonding

recipeis used for all of the top and bottomwafers, independent of if the top and bottom

wafersbelong to the same respective waferlots or not.

foogze]  Wafersare comumonly processed inlots. One lot may containup to 25 wafers with

one of the 25 wafers being a monitor wafer that may or may not be used in the bonding
process, for example. Inter-lot wafer variation is a significant contributor to post-bond
wafer distortion. Productionwafers usually vary fromonelotto another, possibly dueto
processing conditions due to process control variations of prior steps, intrinsic wafer
deformation, or ctherless obvicusfactors. The variationbetweenwafersisreferred to as
the shape variation. The shape variationcanbelocal, meaning an averaged surface map
of one lot of waferslocks entirely different fromanaveraged surface map of anotherlot
ofwafers, with one standard deviationof the shape variationrangingfromi umupto 5
um in 300 mm wafers with logic devices, for example. The shape variation may be
different in wafers with memory devices. Theshape variation canalso be global, meaning
the peak-to-valleyvariationcanbe onthe order of 10 um ormore fromlot tolot. For
memory applications, it is possible that the shape variationis muchlarger. Intra-lot
variationis usually small, exceptinthe case of split lots. A split lot means that subsets of
the wafers within a lot are separated and are processed differently. When splitlotsare
not considered, the infra-lot variationis typically farless than 10% of the inter-lot

variation, however actual values may differ depending onthe wafers being considered.
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fo033] Theshapevariationis directly correlated to in-plane distortion (or simply

referredto as "distortion"). Thein-plane distortion of a waferis defined as deviation
along the major plane ofthe wafer. As an exampie, high spots(e.g., peaks)and lowspots
{(e.z.,valleys} onthe surface of a wafer arein-plane distortions ofthe wafer. Observations
have shown that 1 um of shape variation may be attributed to approximately 5 nmof in-
plane distortion. Therefore, in-plane distortion is a critical metric for wafer bonding

process performance.

o341 One way to evaluate the quality of awafer bonding processisto examine the post-

bondwafer. For example, if the shape variation of the post-bond wafersis high, then the
wafer bonding process may not be well tuned to the wafers being bonded. Whileif the
shape variation of the post-bond wafers islow, then the wafer bonding process may be
well tuned to the wafers being bonded. For another example, if the shape variationof the
post-bond wafers is low forintra-lot wafers but is high for inter-lot wafers, thenthe wafer
bonding process may be well tuned for the particularlot of wafers, but not for a different

1ot of wafers.

foo3s]  Inthe casewherebothwafers being bonded are patterned (i.e., both wafers

include devices and/or structures), the alignment betweenthe patterns of the two
substrates along the bonding interface is important. Alignment marks on eachpatterned
layer may be measured by a scanner at a post-bonding step. The scanner measurement
step may not be necessarily performed immediately after thebonding step. Asan
example, the post-bond wafer may be annealed in a processingchamber at elevated
temperature (hundreds of degrees Celsius, for example ) to improve the bonding strength
betweenthe two layers. As another example, one of the wafers may be thinned by
grinding to expose the bonding interface. Otherless obvious steps may also existin
between the wafer bonding step and the post-bond metrology step. Inany case, the

absolute shift betweenthe two wafers of the post-bond wafer is of critical importance.
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Typical post-bond alignment error at one standard deviationvariation canbe about 30

num, for example.

fo036]  Inthe casewhere only one wafer is patterned, the post-bond distortionof the

patterned wafer is important. The post-bond distortionmay be a function ofthe shape
variation of bothpre-bond wafers, as well as the wafer bonding process. Some important
factors that determine the post-bond distortioninclude the temperature distribution of
the wafers, chucking forces onthe wafers, adhesion between the wafers, surface
roughness of the bonding surfaces of the two wafers, chuck flatness, spacing betweenthe
wafers priorto the bonding process, pre-cleaning of the two target bonding surfaces, and
many other factors not listed here. After bonding, the post-bond distortion may be
measured by the scanner as well, similar to the case where both wafers are patterned.
However, inthis case, the post-bond distortionis defined as the absolute deviationfrom
anideal distortion. Theideal distortion may be defined by the scanner. There are many
modelsthat the scanner may adoptto define the ideal distortion. Traditionally, the
scanner uses a 6-termmodel for theideal distortion. The 6 terms include magnification
and tilt ofthe distortionsurface maps. More recently, models have become more
complicated, for example, a 33-term model has been proposed. Some state-of-the-art
technclogy support free-form models (thousands of terms). A challenge that arisesfrom
selecting one of the high complexity modelsis that thetime and cost required to create

suchmodel becomes unfeasibleinthe productionenvironment.

foogy]  Furthermore, post-bond distortionis becoming an increasingly difficult

productiontarget to meet. Asan example, the current state-of-the-art post-bond
distortionthreshold has a one standard deviationof 10 nm orless, with customer
requirements for post-bond distortion continuing to decrease in both the near term and

the long term.

[0038]  Becausethe conventional wafer bonding process shownin Figure 2 uses a single

POR wafer bonding recipe to bond wafers (independent of whether or not the wafers
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being bonded areintra-lotor inter-lot wafers), the bonding process related factors that
impact post-bond distortion(i.e., the factorsthat are controlled by the POR wafer
bonding recipe, such as temperature distribution of the wafers, chucking forces onthe
wafers, chuck flatness, spacing betweenthe wafers priorto the bonding process, pre-
cleaning of the two target bonding surfaces, and s¢ on) remain fixed, while shape
variationof the wafers changes betweenindividual wafers and wafer lots. Therefore,
inter-lot post-bond distortion control may be poor because inter-lot shape variation may
be large and the fixed wafer bonding recipe does not compensate for inter-lot shape

variation.

{oo3e]  Accordingto anexample embodiment, a wafer bonding systemis provided that

utilizes wafer metrology datato tune a wafer bonding recipe. The wafer metrology datais
providedto amodel of the wafer bonding process, and the model tunes the process
conditions of the wafer bonding recipe to produce post-bond wafers that meet a post-

bonddistortionthreshold.

[oo40]  While post-hond distortiondirectly measured onthe wafer is important, the cost

involvedin performingthis measurement is high for researchand development
purposes. Forexample, thetime to performall ofthe aforementioned bonding steps
beforethe metrology stepisvery long, possibly onthe order of weeks. Inan embodiment,
instead of direct post-bond distortion measurements, physical parameters, such as wafer
shape data, of the wafer can be measured for the post-bond wafer and used as aproxyto
estimate the post-bond distortion. Asanexample, the wafer shape data is the formofa
high density gridded map of the topology of a freestanding wafer. The grid may havea
lateral resolution of 0.5 mm, for example, and measured overthe entire wafer. Asan
example, the wafer shape metrology should have aresolutionoflessthan t nm inan out-
of-plane direction, which may be defined as deviationalonga plane orthogonal to the
major plane of the wafer. The wafer shape data may be directly correlated to the

distortionthroughgeometric formulations. Examples of geometricformulations include
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thosethat correlate wafer shape data and distortion based onthe theory of elasticity,

beam theory, or free-formwafer shape measurements.

foog1]  Inanembodiment, the wafer metrology data comprises metrology data for pre-
bond wafers {e.g., wafer metrology data for the top wafers, the bottomwafers, or boththe
top and bottomwafers), and the wafer metrology datais provided to the model to tune
the process conditions of the wafer bonding recipe to produce post-bond wafersthat
meet the post-bond distortionthreshold. Inother words, the model is used to tune the
process conditions of the wafer bonding recipe to produce post-bond wafersthat meet
the post-bond distortionthreshold, giventhe wafer metrology data of the pre-hond
wafers. The model predictsthe post-bond distortion of the post-bond wafers basedon
the wafer metrology dataof the pre-bond wafers and tunes the wafer bonding recipeto
produce post-bond wafers that meet the post-bond distortionthreshold. Thismode of
gperationisreferred to as feedforward operation. A detailed descriptionof feedforward

operationis provided below.

[0042]  Inanembodiment, the wafer metrology data comprises metrology data for posi-
bond wafers, and the wafer metrology datais provided to the model to tune the process
conditions of the wafer bonding recipe to produce post-bond wafers that meet the post-
bonddistortionthreshold. Inother words, the model is used to tune the process
conditions of the wafer bonding recipe, based onthe metrelogy dataofthe post-bond
wafers, to produce post-bond wafers that meet the post-bond distortionthreshold. This
modeof operationis referred to asfeedback operation. A detailed description of feedback

operationis provided below.

[0043]  Inanembodiment,the wafer metrology data comprises metrology data for both
pre-bond wafers and post-bond wafers, and the metrology datais providedto the model
totune the process conditions of the wafer bonding recipe to product post-bond wafers
that meet the post-bond distortion threshold. Because the metrology datacfboththe

pre-bond wafers and the post-bond wafers is available, the model may beused to both
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predict the post-bond distortion of the post-bond wafers based on the wafer metrology
data ofthe pre-bond wafers and tune the process conditions of the wafer bonding recipe,
based on the metrology dataof boththe pre-and post-bond wafers, to produce post-

bond wafers that meet the post-bond distortion threshold.

foo44]  Figure 3illustrates a wafer bonding system 300 that utilizes wafer metrology data

to tune a wafer bonding recipe according to the example embodiments presented herein.
In an embodiment, wafer bonding system 300 uses wafer metrology data of pre-bond
wafers (either the top wafer, the bottomwafer, or both the top and bottom wafers)
and/or post-bond wafers to tune process conditions of the wafer bonding recipeto

produce post-bond wafersthat meet a post-bond distortionthreshold.

foogs]  Water bonding sy stem 300 includes a wafer processingtool 305 that bonds pre~

bondwafers (i.e., atopwafer 310 and a bottom wafer 315) to produce a post-bond wafer
320. Wafer processing tool 305 iswidely available commercially. Wafer bonding system
gooincludes a shape metrology tool 325 that measures physical parameters, suchas
wafer shape data, of topwafer 310, bottomwafer 315, orbothtopwafer 310 and bottom
wafer 215. Anexample of shape metrology tool 225 is a surface profilometer. Another
example of shape metrology tool 325 is alithography surface scanner, such as atomic
force microscopy tools, critical-dimension scanning electronmicroscopes, andso on. The
physical parameters may be provided to wafer processing tool 305 to tune the wafer
bonding recipe usedto bond the pre-bond wafers so that the resulting post-bond wafer

320 meets post-bond distortion parameters.

0046 Asshownin Figure 3, wafer bonding system 3001is configured to bond pre-bond
t R

wafers where top wafer 310 isthe patterned wafer and bottomwafer 315 isthe carrier
wafer, hence it may not be necessary to measure physical parameters of bottom wafer
315. Therefore, theline betweenbottomwafer 315 and shape metrology tool 325 isshown
as a dashed line. However, ina different configuration, phvsical parameters of bottom

wafer 315 may be obtained and used to tune the wafer bonding recipe evenwhen bottom
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wafer 315 isthe carrierwafer. Furthermore, inasituation wheretopwafer310is the
carrier wafer and bottom wafer 315 isthe patterned wafer, thenthe physical parameters
of bottomwafer 315 would be measured and provided to wafer processing tool 305 to
fune the wafer bonding recipe, while the measuring ofthe physical parameters of top
wafer 310 may be optional. Inthe situationwhere bothtopwafer 310 and bottomwafer
315 are patterned, the physical parameters of both wafers should be measured and

provided to wafer processingtool 305.

loogy]  Waferbonding system 300 also includes a scanner 330 that scans post-bond

wafer 320 to determine distortion data (such as post-bond distortion data) of post-bond
wafer320. The distortiondatamay be providedto wafer processingtool 305 totunethe
wafer bonding recipe to help ensure that post-bond wafers meet post-bond distortion
parameters. In some embodiments, scanner 330 is also used as shape metrology tool 325

to measure physical parameters of the pre-bond wafers.

{0048}  Inanembodiment, physical parameters of post-bond wafer 320 are providedto

wafer processing tool 305 to tune the wafer bonding recipeused to bond the pre-bond
wafers. Because it is necessary to measure physical parameters of post-bond wafer 320 in
this particular embodiment but not in all embodiments, theline between post-bond

wafer 320 and shape metrology tool 325 is shownas a dashed line.

foo49]  TFigure 4 illustrates an example wafer processing tool 400 according to example

embodiments presented herein. Wafer processing tool 400 may be anexample

implementation of wafer processingtool 305 of Figure 3, for example.

fooso}]  Wafer processing ool 400includesa processing chamber 405 wherethe bonding

ofthe topwafer and the bottom wafer takes place. Processing chamber 405 provides a

controlled environment, such as temperature, atimospheric pressure, plasma power, and
so forth. Processing chamber 405 includes awafer holder 410. Inan embodiment, wafer
holder 410 includes atop chuck for holding a top wafer and a bottom chuck for holding a

bottomwafer, Top wafers 415 and bottom wafers 420 may betransported into processing

iz
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chamber 405 by atoptransport mechanism417anda bottomtransport mechanism422,

respectively.

[oos1] In an embodiment, as the top wafers and bottomwafers are transportedto
processing chamber 405, shape metrology tool 325 measures the wafers, determining
physical parameters for the wafers. A processor 425tunes the process conditions of the
wafer bonding recipe in accordance with the physical parametersto produce apost-bond
waferthat meets the post-bond distortionthreshold. A detailed descriptionofthetuning

ofthe process conditionsis provided below.

foos2]  Inanembodiment,the top wafers and bottom wafers are pre-measured, by shape
metrology tool 325 or some other shape metrologytool, before beingloaded into wafer
processingtool 400 and the physical parametersfor the wafers are stored in a database
storedin a memory 425, for example. Then, as thetop wafers and bottomwafers enter
processing chamber 4085, a processor 430 retrieves the physical parametersforthe
wafers and tunes the process conditions of the wafer bonding recipe inaccordance with
the physical parameters to produce a post-bond wafer that meets the post-bond
distortionthreshold. A detailed description of the tuning of the process conditionsis

providedbelow.

foos3]  Atransportmechanism 437 moves post-bond wafers 435 from processing
chamber 405. Scanner 330 scans post-bond wafers 435 to determine distortiondata
{(such as post-bond distortion data) of the post-bond wafers. The distortion data may also

be storedin a database storedin memory 430.

foos4]  Figure 5illustrates a wafer fusion bonding process 500 with example feedback
operation accordingto example embodiments presented herein. As shownin Figure 5, a
wafer processing tool 505 fusion bonds a first top wafer 510 and a first bottomwafer515
using a POR wafer bonding recipeto forma first post-bond wafer 520. Distortiondataof
first post-hond wafer 520 (as measured by a scanner, for example)is provided to wafer

processing tool 505 to optimize the wafer bonding recipe (shown in Figure 5 as "OPT
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RECIPE"). Subsequent top wafers(e.g., second topwafer 512 and N-thtop wafer 514 ) are
bondedto subsequent hottomwafers (e.g., second bottom wafer s17and N-thbottom
wafer 519} in accordance withthe optimized wafer bonding recipe to produce subsequernt
post-bond wafers (e.g., second post-bondwafer 522 and N-th post-bond wafer524). In
situations where the subsequent wafers are part of the same lot as the corresponding first
wafers, wafer fusion bonding process 500 withfeedback operation may be capable of
producing post-bond wafers with a wafer bonding recipe optimized for the relatively

small variations seenin same lot wafers.

fooss]  Inanembodiment, distortiondataofthe subsequent post-bond wafers, suchas

second post-bond wafer 522, may be measured and providedto wafer processingtool
505 to further optimize the wafer bonding recipe. Asan example, thedistortiondataof
second post-hond wafer 522 is measured and providedtc wafer processingtool50o5t0
optimize the wafer bonding recipe usedto bond a third post-bond wafer. Then, the
distortiondataofthe third post-bond waferis measured and provided to wafer
processing tool 505 to optimize the wafer bonding recipe used to bond a fourth post-

bondwafer, and soon.

[0056] In an embodiment, in a situation where multiple wafer processingtoolsare used

to performwafer fusionbonding, the distortiondata of first post-bond wafer 520 is
provided o the multiple wafer processing toolsto separately optimize the wafer bonding
recipe. Inanother embodiment, in a situation where multiple wafer processingtools are
used to performwafer fusion bonding, the optimized wafer bonding recipeis shared

between the multiple wafer processing tools.

{oosy Figure 6 illustrates a wafer fusionbonding process 600 with a first example

feedforward operationaccording to example embodiments presented herein. As shown
in Figure 6, a wafer processing tool 605 uses physical parameters of afirst top wafer 610
and a first bottom wafer 615 to optimize the wafer bonding recipe (shownin Figure 6 as

"OPT RECIPE"). Wafer processing tool 605 uses the optimized wafer bonding recipeto
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bond first top wafer 610 and first bottomwafer 615 to form first post-bond wafer 620.
The physical parameters of first top wafer 610 and first bottomwafer 615 may be
measured before they are used to optimize the wafer bonding recipe to maximize the
time available to optimize the wafer bondingrecipe. As an example, the physical
parameter measurements are made as the wafers are received at the wafer fabrication
facility (potentially a significant amount of time before they are actually bonded) and the
measurements are stored in a database. As another example, the physical parameter
measurements are made as the wafers are loaded into the wafer bonding tool and the
measurements are stored in a database. Inan embodiment, subsequent topwafers (e.g.,
secondtop wafer 612 and N-thtop wafer 614 ) are bonded to subsequent bottomwafers
{(e.g., second bottomwafer 617 and N-thbottomwafer 619} in accordance withthe
optimized wafer bonding recipeto produce subsequent post-bond wafers{e.g., second
post-bond wafer 622 and N-th post-bond wafer 624 ). Anadvantage of wafer fusion
bonding process 600 isthat (within a wafer lot) all of the wafers are bondedusing a
wafer bonding recipe optimized for the relatively small variations seeninsame lot

wafers.

[oo58]  Inanembodiment,in a situation where one of the two pre-bond wafersis

patterned (e.g., thetop waferis patterned and the bottom waferis a carrier wafer orthe
bottom waferis patterned and the top wafer is a carrier wafer), only the physical
parameters of the patterned wafer is used to optimize the wafer bonding recipe. Asan
exarmple, inthe situation when the top waferis patterned and the bottomwaferis a
carrier wafer, wafer processingtool 605 uses the physical parameters of first top wafer
610 to optimize the wafer bonding recipe used to bond first top wafer 610 and first
bottom wafer 615. Asanother example, inthe situation when thebottomwafer is
patterned and the topwateris a carrier wafer, wafer processingtool 605 uses the physical
parameters of first bottom wafer 615 to optimize the wafer bonding recipe used to bond

first top wafer 610 and first bottom wafer 615.
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foose] Inanembodiment,in a situation where multiple wafer processingtools are used

to performwafer fusionbonding, the physical parameters of first top wafer 610 and first
bottomwafer 615 are provided to the multiple wafer processingtools to separately
optimize the wafer bonding recipe. Inanother embodiment, ina situationwhere multiple
wafer processing tools are used to perform wafer fusion bonding, the optimized wafer

bonding recipe is shared betweenthe multiple wafer processing tools.

[oo6o]  Figure 7 illustrates a wafer fusionbonding process 700 witha second example

feedforward operationaccording to example embodiments presented herein. As shown
in Figure 7, a wafer processingtool 705 uses physical parameters of afirst top wafer 710
and a first bottom wafer 715 to optimize the wafer bonding recipe (shownin Figure 7 as
"OPT RECIPE1"). Wafer processingtool 705 uses the optimized wafer bonding recipeto
bond first topwafer71o andfirst bottom wafer 7is to form first post-bond wafer 7z2o.
The physical parameters of first top wafer 710 and first bottomwafer 715 may be
measured before they are used to optimize the wafer bonding recipe to maximize the
time available to optimize the wafer bonding recipe. Asan example, the physical
parameter measurements are made as the wafers are received at the wafer fabrication
facility (potentially a significant amount of time beforethey are actually bonded) and the
measurements are storedin a database. As another example, the physical parameter
measurements are made as the wafers are loaded into the wafer bonding tool and the
measurements are stored in a database. Physical parameters of subsequent top wafers
and subsequent bottomwafers are used to optimize wafer bonding recipesusedto bond
subseguent post-bond wafers. As an example, physical parameters of second top wafer
712 and second bottomwafer 717 are used to optimize a wafer bonding recipe used to
bond second post-bond wafery22. Similarly, physical parameters of N-thtopwafer 714
and N-th bottomwafer 719 are used to optimize a wafer bondingrecipe used tobond N-
th post-bond wafer 724. Anadvantage of wafer fusionbonding process 7o0is that the
waferbonding recipe isindividually optimized for the wafersbeing bonded, independent
of waferlot.
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[oo61 ] In an embodiment, in a situation where one of the two pre-bond wafersis

patterned {(e.g., thetop wafer is patterned and the bottom wafer is a carrier wafer), only
the physical parameters of the patterned wafer is used to optimize the wafer bonding
recipe. As an example, wafer processingtool 705 usesthe physical parameters of first top
wafer 710 to optimize the wafer bonding recipe used to bond first top wafer 710 and first

bottomwafer 715.

[oo62]  Inanembodiment, a combinationof feedforward and feedback optimizationof

the wafer bonding recipeis used. Insuch an embodiment, boththe physical parameters
ofthe pre-bond wafers and the distortiondata of post-bond wafers are used to optimize

the wafer bonding recipes.

{0063]  Figure 8illustrates a flow diagram of example operations 800 occurring ina

wafer bonding process with feedforward optimization of the wafer bonding recipe
accordingto example embodiments presented herein. Operations 800 may be indicative
of operations occurring ina wafer processing tool as the wafer processingtool bonds
wafers using a wafer bonding process with feedforward optimization of the wafer
bonding recipe. Operations 800 may be descriptive of wafer fusion bonding processes

600 and 700.

foo64]  Operations 800 begin with the creating of a model of the wafer bonding process

(block 805). The model of the wafer bonding processisa mathematical model of the
wafer bonding processthat takes intc account physical parameters of the pre-bond
wafers, as well as the process conditions of the wafer bonding process and relates them to
simulated distortion of the post-bond wafers. The model of the wafer bonding process
may utilize any combinationof finite element analysis, linear regression, randomforest
algorithm, genetic programming algorithm, patterned searchalgorithm, neural network
algorithm, deep learning algorithm, and so on, to relate the simulated distortionof the
post-bond wafers to the physical parameters of the pre-bond wafers and the process

conditions of the wafer bonding process. Inan embodiment, the modelis created a priori
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by a wafer processing tool and storedin a memory. Inan embodiment, the model is
created by atool not directly involvedinthe bonding of wafers and then providedto the
wafer processingtool. A detailed discussion of several approaches that may beusedto

createthe modelis provided below.,

foo6s]  Theprocess conditions of the wafer bonding process may include pre-cleantime,

pre-cleansolition chemical composition, temperature of the top wafer chuck,
temperature of the bottom wafer chuck, plasma pre-treatment time, plasma pre-
treatment power, wafer idle time, bonding time, bond initiation force, chamber
atmospheric pressure, chamber meantemperature, chamber humidity, chamber
atmospheric gas composition, bottom wafer chuck vacuum pressures, bottom wafer
chuck vacuumzones, bottomwafer chuckvacuumon/off time, top wafer chuck vacuum
pressures, top wafer chuck vacuum zones, top wafer chuck vacuum on/ off time, top wafer
chuck height variation, bottom wafer chuck height variation, bonding gap, pre-chuck
wafertemperature, chuck height, etc. The model of the wafer bonding process may

consider any or all of the process conditions listed above.

[oo66]  Thewafer processingtool measures anincoming top wafer (block 867). The wafer

processing tool may measure the top wafer using any of a variety of metrology tools, such
as a surface profilometer, and so on, or a scanner. The measurement of the top wafer
provides physical parameters (such as wafer shape data) of the top wafer. The wafer
processing tool optionally measures anincoming bottomwafer (block 80g). The
measuring of the incoming bottom wafer may followa process similar to the measuring
ofthe top wafer described above. Inasituation where the incoming bottomwaferisa
carrier wafer (i.e., the bottomwafer is unpatterned), the impact of the physical
parameters of the bottom wafer onthe distortionofthe post-bond wafer may be
insignificant comparedto the impact of the patterned wafer (e.g., the incoming top
wafer). Hence, it may be unnecessary to measure the bottom wafer. However, if both

wafers are patterned, thenthe incoming bottom wafer should be measured. The
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distortions of the incoming wafers are also obtained fromthe measurementsofthe
incomingwafers (block 811 ). The distortions of the wafers may be obtained using the
same technique used during the creation of the model of the wafer bonding process, for
example. Fingerprint coefficients may also be obtained for the wafers, using the same
technigue described indetail belowfor creating the model of the wafer bonding process,

for example.

foo67]  Thewaferbondingrecipe for bondingthe incoming top wafer and the incoming

bottomwafer is generated (block 813). The wafer bonding recipeis generatedin
accordance withthe physical parameters of the incoming top wafer and the incoming
bottom wafer (optional) and a post-bond distortionthreshold forthe post-bond wafer.
The wafer bonding recipe is generated using the model of the wafer bonding process, as
created in block 805, forexample. Inan embodiment, the wafer bonding recipeis
generated by optimizing the wafer bonding recipe based onthe physical parameters of
the incoming top wafer and the incoming bottom wafer (optional), and the process
conditions of an initial wafer bonding recipe (e.g., the POR wafer bonding recipe for the
wafer bonding process). As anexample, the wafer bonding recipe is optimized by tuning
the process conditions until the estimated post-bond distortionis reducedto the point
where the estimated post-bond distortionisless than a post-bond distortionthreshold.
The optimization algorithm may be a linear programming algorithim, a genetic algorithm,

randomforest algorithm, a regressionalgorithm, or other techniques.

[0068] Theoptimized wafer bonding recipe comprising the optimized process conditions

are the instructions for the wafer processing tool to performthe wafer bonding process
forthe incoming pre-bondwafer pair. T he optimized process conditions may include
pre-cleantime, pre-cleansolution chemical composition, temperature of the top wafer
chuck, temperature of the bottom wafer chuck, plasma pre-treatment time, plasma pre-
treatment power, wafer idle time, bonding time, bond initiation force, chamber

atmospheric pressure, chamber meantemperature, chamber humidity, chamber
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atmospheric gas composition, bottom wafer chuck vacuum pressures, bottom wafer
chuck vacuumzones, bottom wafer chuck vacuumon/off time, top wafer chuck vacuum
pressures, fop wafer chuck vacuum zones, top wafer chuck vacuum on/ off time, top wafer
chuck height variation, bottom wafer chuck height variation, bonding gap, pre-chuck

wafertemperature, chuck height, etc.

{0069]  Inanembodiment, the model of the wafer bonding process, withthe physical

parameters of the incoming top wafer and the incoming bottom wafer (optional}and an
initial wafer bonding recipe (e.g., the POR wafer bonding recipe), isused to estimate the
post-bond distortion of the post-bond wafer. If the estimated post-bond distortion meets
the post-bond distortionthreshold, the initial wafer bonding recipeis selected asthe
wafer bonding recipe for bonding the incoming top wafer and the incoming bonding
wafer. If the estimated post-bond distortion does not meet the post-bond distortion
threshold, the wafer processing tool changes one or more process conditions of the wafer
bonding recipe and re-estimates the post-hond distortion. Inan iterative process, wafer
processing tool may continueto change process conditions until the estimated post-bond
distortionmeets the post-bond distortionthreshold {or until a specified number of

iterationsis met, forexample}.

foo70]  Inanembodiment, a first wafer bonding recipe that resulis in an estimated post-

bond distortion meeting the post-bond distortionthreshold isthe wafer bonding recipe
used to bond theincoming wafers. Inan embodiment, in a situationwhere a plurality of
wafer bonding recipes result in estimated post-bond distortions that meet the post-bond
distortionthreshold, thenthe wafer bonding recipe out of the plurality of wafer bonding
recipes with a smallest number of process condition changes (or asmallest amount of
changeto the process conditions, a process condition change easiest to implement, ete.)
is the wafer bonding recipe usedto bond the incoming wafers. As an example, if the
estimated post-bond distortion for two wafer bonding recipes are aboui equal, then the

wafer bonding recipe withchanges to the process conditions that are the easiest to
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implement {e.g., smallest number of changes, smallest amount of changes, changesto
more readily changeable process conditions, and so on) is the wafer bonding recipe used

tobond the incoming wafers.

fooy7i]  Thewafer processing tool bonds the incoming top water and the incoming botiom

wafer (block 815). The wafer processing tool bondsthe incoming wafers using the wafer

bonding recipe generatedinblock 813, for example.

foorz2] A checkisperformedto determine if there are more wafersto bond (block 819} If

there are additional wafersto bond, then another checkis performedto determine if the
additional wafers are fromthe same wafer lot as the wafers previously bonded (block
821). Thesamelot comparison may be performed by comparing the waferlot associated
with the wafer bonding recipe generated inblock 813 withthe waferlot of an incoming
wafer pair, for example. This check may be useful in determining if the wafer bonding
recipe should be re-optimized. As discussed previcusly, intra-lot variationis significantly
smaller than inter-lot variation. If the additional wafers are fromthe same waferlot, then
it may not be necessary to re-optimize the wafer bonding recipe. If there areno
additional wafers to bond, the wafer processing tool may stop the wafer bonding process
and potentially perform additional processing onthe post-bond wafers (block 829).
Additional processing of the post-bond wafers may include annealing the post-bond
wafers, which involves holding the post-bond wafers at an elevated temperature fora
specified amount of time to strengthenthe bondbetweenthe wafersofthe post-bond

wafers.

fooyz]  Ifthe additional wafers are fromthe same wafer lot, thenthe same wafer bonding

recipegeneratedinblock 813 may be used to bond the additional wafers. The wafer
processing tool returnsto block 815 bond another pair of incoming wafers (shown as dot -
dashed line 823). The wafer processing tocl usesthe same wafer bonding recipeto bond
this pair of incoming wafers. The operations illustrated when the wafer processing tool

returns to block 815 to bond another pair of incoming wafers without making
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measurements of the pair of incoming wafers or potentially updating the wafer bonding

recipeis an example of the wafer fusion bonding process illustrated in Figure 6.

[oo74]  Althoughre-optimizationofthe wafer bonding recipe may not be required for

same lot wafers, it is still possible to re-optimize the wafer bonding recipe for each
incoming wafer pair. Insucha situation, the wafer processing tool returnsto block 8oy to
measure the incoming wafers, obtain distortions, generate another wafer bonding recipe,
and bond the incoming wafers (shown as double-dot-dashedline 825). The operations
illustrated when the wafer processing tool returnsto block 8e7 to bond another pair of
incoming wafers with making measurements of the pair of incoming wafers and
potentially updating the wafer bonding recipe is an example of the wafer fusionbonding
processillustratedinFigure 7. As one practical implementation, the wafer
measurements may be performed for eachwafer pair before the wafers enters the wafer
processingtool, for example, when or before undergoing prior steps. Thismay provide
additional time for generatingthe optimized process recipe. Insuch cases, the model
may include correctionsto offset additional distortions to beintroduced by theto be

performed processing steps.

[0075] If the additional wafers are not fromthe same wafer lot, then the same wafer

bonding recipe generatedinblock 813 may not be able to bond wafers with post-bond
distortionsthat meet the post-bond distortionthreshold. The wafer bonding recipe
should be regenerated withthe physical parameters of the additional wafers. The wafer
processing tool returnsto block 807 to measure the incoming wafers, obtaindistortions,
generate ancther wafer bonding recipe, and bond the incoming wafers (shown as solid

line 827).

foo76]  Inanembodiment, measurementsof the post-bond wafers that arebonded

wtilizing the optimized wafer bonding recipe are used to refine the model of the wafer

bonding processto helpimprove the estimation accuracy ofthe model. The refinement of
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the model may followthe techniques illustrated in Figures ¢ or 10 or some other

technique.

e lsyd Figure gA llustrates a flowdiagram of first example process goo increatinga

model of a wafer bonding process using a finite element modeling (FEM) technique
enhancedwith semi-empirical modeling according to example embodiments presented
herein. Process g00 may beindicative of operations occurring ina tool, suchas a wafer
processingtool oratool dedicated to model creation, asthe tool creates the model of the
wafer bonding processusing FEM technigues enhanced with semi-empirical modeling.
In an embodiment, the FEM techniques are used to simulate the wafer bonding process
over awide range of incoming wafer physical characteristics and wafer bonding recipe
process conditions. For example, wafers with different shape profiles may be simulated
to obtain certain patterns and/or behavior that canthen be represented in the mode] of
the wafer bonding process. The FEM simulationtypically solves astress-straineguation
using a 2-D (two dimensional) or 3-D (three dimensional) representation of the wafer
using a finite element analysis technique. As one practical implementation, the wafer
measurements may be performed for eachwafer pair before the wafers enter the wafer
processingtoo, for example, when or before undergoing prior steps. T hismay provide
additional time for generatingthe optimized process recipe. Insuchcases, the model
may include corrections to offset additional distortions to beintroduced by theto be
performed processing steps. Inaddition, the FEM simulationin parallel may also
simmulate other physical processes that change the stress-strainof the sy stemn during the
wafer bonding process. Some examples include reactions withinthe wafer, reflowof
materials that change the stress, outgassing from different material layerswithinthe

wafer, and so forth.

foo78]  Inanembodiment, semi-empirical modelingis utilized to create and refine a

model using data generated using the FEM technigues. Process 900 may be anexample

implementationofblock 805 of Figure 8.
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fooyg]  Process 9o begins with physical characteristics of pre-bond wafers and process

conditionsof a wafer bonding recipe (block 9o5). The physical characteristics of the pre-
bond wafers and the process conditions of the wafer bonding recipe may be inputsto a
simulation of the wafer bonding process. The inputis provided to a FEM simulation of
the physics involved inthe wafer bonding process (block 907). The FEM simuiation
produces simulated post-bond wafersbased onthe input (i.e., the physical characteristics
of the pre-bond wafers and the process conditions of the wafer bonding recipe suchas
applied pressure and temperature, etc.). The FEM simulation produces simulated post-
bondwafers (block 907). The simulated distortion data of the simulated post-bond

wafers may be determined.

[co80]  FEM simulation is able to simulate the output (i.e., the distortiondata of the post-

bondwafers) fromtheinput (i.e., the physical characteristics of the pre-bond wafers and
the process conditions of the wafer bonding recipe suchas applied pressure and
temperature}using the physics involvedinwafer bonding, FEM simulation may be
computationallyintensive. Therefore, while FEM simulation may be directly usedin
actual wafer bonding deployments, certain embodiments may use a semi-empirical
model. In an embodiment, semi-empirical modeling is used to help reducethe
computational requirements associated withthe creationof the model of the wafer

bonding process.

foo8]  Theinputand theoutput may be providedtoe asemi-empirical modeling process

(block g11}. Theinputs may be for wide range of pre-bond wafers and wafer lots, as well
as a range of process conditions or wafer bonding recipes, while the outputs comprise
simulated distortion data of simulated post-bond wafers bondedin accordance with the
inputs. The semi-empirical modeling processisusedto determine relationships between
the inputs and the outputs. Inother words, the semi-empirical modeling process utilizes
empirical data (theinputs and the outputs) to develop amodel of the wafer bonding

process. The semi-empirical modeling process outputs the model of the wafer bonding
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process. The semi-empirical modeling process may use any of a variety of techniques,
suchas optimizationtechniques, searching techniques, annealing techniques, machine
learning technigues (including but not limited to neural network technigues, deep
learning techniques, regressiontechniques, classificationtechniques, clustering

5 techniques, dimensionality reductiontechniques, ensemble methods, transfer learning

techniques, reinforcement learning techniques, and so on), etc.

[0082]  Inanembodiment, actual data (e.g., actual physical characteristics of pre-bond
wafers, process conditions of wafer bonding recipes, and actual distortion of post-bond
wafersbonded using the wafer bonding recipes)is also providedto the semi-empirical

10 modeling processto help further refine the model of the wafer bonding process.

{0083]  Figure ¢B illustrates a flowdiagram of second example process 950 increatinga
model of a wafer bonding process using FEM techniques enhanced with semi-empirical
modeling and calibration accordingto example embodiments presented herein.
Calibrationmay help to refine the modelto account for parameters that may be difficult

15 to account in a FEM sirmulation, for exaraple, apre-cleantime or time over whichthe
wafer are heldtogether in block 815 priorto annealing or the anneal thime. In addition,
many of the process knobs may be modeled similarly, e.g., top wafer chuck positionand
bottom wafer chuck positionmay be independently controlied but may be modelled
similarly as a physical model only usesthe relative distances. Therefore, acalibration

20 may be necessary totiethe various process conditions with the model.

[o084]  Further, while the calibrationis described belowwithrespect to the semi-

empirical modeling, a similar approachmay be used if the FEM simulationis directly

used without the semi-empirical model.

[0085]  Process 950 may be indicative of operations occurringina tool, suchas a wafer
25 processingtoo! or atool dedicated to model creation, asthe tool creates the model of the
wafer bonding process using FEM technigues enhanced with semi-ermpirical modeling.

In addition, calibration may be used to determine the contributionand impact of
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different process parameters onthe model of the wafer bonding process. Process 950

may be an exampleimplementationofblock 805 of Figure 8.

[0086]  Asshownin Figure 9B, a model ofthe wafer bonding processis created using
FEM techniques enhanced with semi-empirical modeling (block 955). The model may be
created based onphysical characteristics of pre-bond wafers and process conditions of

wafer bonding recipes. Process 900 of Figure gA may be an example of block g55.

foo87]  Afterthemodel has been created, or asthe model is being created, calibration
may be performed (block g957). Calibration may involve setiing one or more process
conditions ofthe wafer bonding recipe to predetermined values and then simulating the
cutputsinaccordanceto the calibrated process conditions. Calibration may be usedto
determinethe impact or contributionof individual process conditions onthe distortion
ofthe post-bond wafer. As an example, one process conditionis changed with the
remainder of the process conditions held constant, and the resulting post-bond wafer is
simnulated using the process conditions. The model of the wafer bonding process may be

refined in accordance withthe sirnulated results.

[0088]  Figure 10 illustrates aflow diagram of example operations 1000 occurring in
creating a model of a wafer bonding process using fingerprinting functions according to
example embodiments presented herein. Operations 1000 may be indicative of
operations occurringina tool, suchas a wafer processing tool or atoo! dedicated to
model creation, asthe tool creates the model of the wafer bonding process using
fingerprinting functions. Operations 1000 may be anexample implementation of block
805 of Figure 8.

[008g]  Operations 1000 beginwiththe measuring of wafer to obtain physical parameters
(block 1005). The wafers measuredinclude pre-bond wafers (i.e., the top wafersand the
bottomwafers). The wafers may be measured using a metrology tool (suchas a surface
profilometer, a scanner, and so on). In a situationwhere boththe top and bottom wafers

are patterned, bothwafers should be measured. In a situation where only one wafer is
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patierned, it may not be necessary to measure the unpatterned wafer. Measurementis are
made fora plurality of pre-bond wafers. As an example, topand bottomwafersfrom
ditferentlots are measured. Distortions are obtained fromthe measurements of the
wafers {block 1007). The distortions may be derived from the measurements of the

wafers through geometric caleulations, for example.

{oogo]  Fingerprinting functions are fitted to the distortions {(block 100¢). Ingeneral,

fingerprinting functions are mathematical models of a respective metricthat retaing
spatial information ofthe measurements. T he fitting of the fingerprinting functions to
the distortions may involve ananalysis {such as a regression analysis} to select and adjust
the parameters of the fingerprinting functions to fit the distortions withina specified
threshold. As an example, the distortions may be expressed mathematically as a finite
series of fingerprinting functions, suchas polynomials {e.g., Zernik e polynomialsjor
functions (suchas, Fourier series or Bessel function). Eachpolynomial or functionis
weighed by a respective coefficient that are the fitting parameters that may be adjust to

fit the distortions. The fitted coefficients represent unique tendencies of the distortionfor
a particular wafer. Inan embodiment, the fingerprinting functions are fitted to the

distortions ofthe wafers (e.g., the pre-bond wafers and the post-bond wafers).

foogr]  Thefitted coefficients of the fingerprinting functions are fitted as functionof

process conditions of the wafer bonding process (block 1011). The model of the wafer
bonding process may be created by fitting the fitted coefficients of the fingerprinting
functions as a function of the process conditions of the wafer bonding process usedto
bondthe wafers, as well as the distortionof the pre-bond wafers (which are also
converted into fingerprinting coefficients). T he function may be linear, quadratic,
exponential, or other nonlinear forms, withone or more of the process conditions
discussed previously. The function may also include terms where two or more of the
processconditionsinteract witheachother inlinear, quadratic, exponential, or other

nonlinear form, wavs. The exact format of the functionmay be determined through a
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computer algorithm, for example linear regression, random forest, genetic programming,
patternsearch, neural network, deeplearning, ete. The model is constructed so that the
post-bond wafer distortion canbe estimated by using any process conditionsthatis
within the limits of the database, and the pre-bond wafer physical parameters. The ability
of the model of the wafer bonding processto estimate the distortionof the post-bond
waferin accordance with the process conditions of the wafer bonding process and the
characteristics of the pre-bond wafers enables the optimization of the wafer bonding
recipe beforethebonding of the pre-bond wafer pair. A detailed descriptionof
fingerprinting functions and examples of their use is providedinco-assigned US Patent
Application Number 16/666087, entitled "Systerns and Methods for Manufacturing
Microelecironic Devices," filed October 28, 2019, whichis hereby incorporated by

referenceinits entirety.

[oog2]  Figure 11 illustrates aflowdiagram of operations 1100 occurring in a generation

of a wafer bonding recipe with feedforward based optimization of the wafer bonding
recipe accordingto example embodiments presented herein. Operations 1100 may be
indicative of operations occurring ina wafer processing tool as the wafer processing tool
generates a wafer bonding recipe withfeedforward based optimization of the wafer
bonding recipe. Operations 1100 may be anexample implementationof block 813 0f

Figure 8.

fo0g3]  Operations 1100 begin withthe model in block 805 of the wafer processingtooi

estimating the post-bond distortionof a post-bond wafer that is bonded using an initial
wafer bonding recipe (block 1105). The post-bond distortion of the post-bond waferis
estimated using the physical parameters of theincoming wafers and the process
conditions forthe initial wafer bonding recipe (e.g., the POR wafer bondingrecipe) as

describedinblocks 807, 809, 811 of Figure 8.

foogg] A checkisperformedto determine if the estimated post-bond distortionof the

post-bond wafer meets the post-bond distortionthreshold (block 1107). If the estimated
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post-bond distortion meets the post-bond distortionthreshold, then the wafer processing
tool createsthe wafer bonding recipe (block 1109). The wafer bonding recipeis created
fromthe process conditionof wafer bonding recipe used inthe estimation of block 1105.
The wafer bonding recipe includes any changesto the processconditions of the initial

waferbonding recipe.

[oogs]  Ifthe estimated post-bond distortionofthe post-bond wafer does not meet the

post-bond distortionthreshold, achange is made to one or more process conditions of
the wafer bonding recipe (block 1111). A selectionofthe one or more process conditions
may be basedon factors suchas how far the estimated post-bond distortionis away from
meeting the post-bond distortionthreshold, impact of a process conditiononthe post-
bond distortion, ease of changing a process condition, and so forth. Asan example, if the
estimated post-bond distortionis close to meeting the post-bond distortionthreshold,
the one or more process conditions changed may be process conditions that are easy to
change and have been shown to have change the estimated post-bond distortionina fine
grained manner, while if the estimated post-bond distortionis far from meeting the post-
bond distortionthreshold, the one or more process conditions changed may process
conditionsthat have beenshown to have coarse grained changesto the estimated post -
bond distortion (to potentially reduce a number of times the wafer bonding recipeis
changed before the estimated post-bond distortion meets the post-bond distortion
threshold, forexample). As another example, some process conditions are easierto
change. For example, wafer chuck temperature may be easier to change thanpre-~clean
schutionchemical composition. Therefore, such process conditions are more feasible

candidates for changing.

foogb}  Examplechangesto the wafer bonding recipe may include changes to any one or

moreof the following process conditions: pre-cleantime, pre-clean solutionchemical
composition, temperature of the top wafer chuck, temperature of the bottom wafer

chuck, plasma pre-treatment time, plasma pre-treatment power, wafer idle time,
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bonding time, bond initiationforce, chamber atmospheric pressure, chamber mean
temperature, chamber humidity, chamber atmospheric gas composition, bottom wafer
chuck vacuum pressures, bottomwafer chuck vacuum zones, bottom wafer chuck
vacuumon/off time, top wafer chuck vacuum pressures, top wafer chuck vacuum zones,
top wafer chuck vacuum on/ offtime, top wafer chuck height variation, bottomwafer
chuck height variation, bonding gap, pre-chuck wafer temperature, chuck height, and so
forth. The wafer processing tool returnsto block 110510 re-estimate the post-bond
distortionofthe post-bond wafer bonded in accordance with the changed wafer bonding

recipe.

foogy]  Figure 12illustrates a flowdiagram of example operations 1200 occurringina

wafer bonding process with feedback optimization of the wafer boding recipe according
to example embodiments presented herein. Operations 1200 may be indicative of
gperations cccurring ina wafer processing tool as the wafer processing too! bonds wafers
using a wafer bonding process with feedback optimization of the wafer bonding recipe.

Operations 1200 may be descriptive of wafer fusionbonding process 500.

[oog8]  Operations 1200 beginwith the creating of a model of the wafer bonding process

{(block 1205). The model of the wafer bonding process may be created based on
measurements of post-bond wafers and process conditions of the wafer bonding recipes.
The model of the wafer bonding process may utilize any combination of finite element
analysis, linearregression, random forest algorithm, genetic programming algorithm,
patterned searchalgorithm, neural network algorithm, deeplearning algorithm, and so
on, to relate the distortion of the post-bond wafersto the process conditions of the wafer
bonding recipes. Inan embodiment, the modelis created apriori by a wafer processing
tool and storedin a memory. Inan embodiment, themodel is created by atoolnot
directly involved inthe bonding of wafersand then providedto the wafer processing tool.
A detailed discussion of an example approachthat may beused to create the model is

providedbelow.
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foogg]  Thewafer processingtool bonds theincomingtop wafer and the incoming botiom

wafer (block 1207). Inan embodiment, the wafer processing tocl bonds the incomingtop
and bottomwafers using a POR wafer bonding recipe, for example. Inanother
embodiment, the wafer processingtocl bonds the incoming top and bottomwafers using
a most recent wafer bonding recipe used for bonding wafers of the same design. The
wafers being bonded may be fromthe same lot or from different lots of wafers bonded
using the most recent wafer bonding recipe. The wafer processing tool measuresthe
post-bond wafer (block 1209). Asanexample, distortions of the post-bond wafer are
measured. The measurement of the post-bond wafer may be performedusing a

metrology tool, suchas a scanner.

[oro0]  Thewaferbondingrecipeis generated (block 1215). The wafer bonding recipe is

generatedin accordance withthe measurements (e.g., distortions) of the post-bond
wafer. Thewaferbonding recipe is generated using the model of the waferbonding
process, as createdin block 1205, for example. Inanembodiment, the wafer bonding
recipeis generated by optimizing the wafer bonding recipe based on the distortions of the
post-bond wafer, and the process conditions of aninitial wafer bonding recipe (e.g., the
POR wafer bonding recipe for the wafer bonding process). As an example, the wafer
bonding recipeis optimized by tuning the process conditions until the estimated post-
bonddistortionis reducedto the point where the estimated post-bond distortionis less
than a post-bond distortionthreshold. T he optimization algorithm may be a linear
programming algorithim, a genetic algorithm, random forest algorithim, aregression

algorithm, or other technigues.

{o101] Thewafer processing tool bonds anincoming wafer pair (block 1217). The

incoming wafer pairis bondedin accordance with the wafer bonding recipe generated in

block 1215.

fo102] A checkisperformedio determine ifthere are more wafersto bond(block 1221).

Ifthere are additional wafers to bond, thenanother check is performedto determine if
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the additional wafersare fromthe same waferlot as the wafers previously bonded (block
1223). The samelot comparisonmay be performedby comparing the wafer lot associated
with the wafer bonding recipe generatedinblock 1215 withthe waferlot of anincoming
wafer pair, for example. This check may be useful in determining if the wafer bonding
recipeshould be re-optimized. As discussed previously, intra-lot variationis significantly

smallerthan inter-lot variation.

fo1o3]  Ifthe additional wafers are from the same wafer lot, thenit may not be necessary

to re-optimize the wafer bonding recipe. Insuch a situation, the wafer processing tool
returns to block 121710 bond anincoming wafer pair (shown as line 1225). Inan
embodiment, evenifthe additional wafers are fromthe same waferlot, the wafer
bonding recipe may still be re-optimized. Inthis situation, the wafer processing tool
returns to block 1209to make measurements of the post-bond wafer and uses the
measurements to generate the wafer bonding recipein block 1215. Hthereareno
additional wafers to bond, the wafer processing tool may stop the wafer bonding process
and potentially perform additional processing onthe post-bond wafers (block 1229},
Additional processing of the post-bond wafers may include annealing the post-bond
wafers, which involves holding the post-bond wafers at an elevatedtemperature fora
specified amount of time to strengthenthe bondbetweenthe wafers ofthe post-bond

wafers.

foing]  Ifthe additional wafersare froma different waferlot, the wafer processingtool

returnsto block 1207 (shownasline 1227)tobond an initial pair of wafersfromthe
different wafer lot. The post-bond wafer comprising the initial pair of wafers fromthe
different wafer lot may be used to generate a new wafer bonding recipe usable in bonding

remaining wafers fromthe different waferlot.

[0105] In an embodiment, measurements of the post-bond wafersthat arebonded

utilizing the optimized wafer bonding recipe are usedto refine the model of the wafer

honding process to help improve the estimationaccuracy of the model.
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fo106]  Figure 1gillustratesa flowdiagram of an example process 1300increating a

model of a wafer bonding processing using feedback data accordingto example
embodiments presented herein. Process 1300may beindicative of operations occurring
in a tool, suchas a wafer processingtool ora tool dedicated to model creation, asthe tool
creates the model of the wafer bonding process using feedback data using feedback data.
In an embodiment, fingerprinting functions are used in determining a relationship
between distortion data of post-bond wafers and process conditions of wafer bonding
recipes. The use of fingerprinting advantageously reduces the computationalloadto
generate the optimized process recipe for eachwafer. Process 1200 may be anexample

implementationofblock 1205 of Figure 12.

(01071 Process 1300 begins withinputs, such as measurements of post-bond wafers

{block 1305) and process conditions of wafer bonding recipes (block 1307 being
provided to afingerprinting process (block 1300). Themeasurements, such as distortion
measurements, of the post-bond wafers may be takenfor post-bond wafers after they
have beenbonded (using a particular wafer bonding recipe) or after they have been
annealed. The process conditions correspond to the wafer bonding recipes usedto form
the post-bond wafers. The fingerprinting process may include the fitting of fingerprinting
functionsto the distortion measurements. Asdiscussed previously, fingerprinting
functions are mathematical models of a respective metricthat retains spatial information
ofthe measurements. The fitted coefficients represent unique tendencies of the
distortionfor a particular post-bonded wafer. Inan embodiment, the fingerprinting

functions are fitted to the distortions of the post-bond wafers.

[0108]  Thefitted coefficients of the fingerprinting functions are providedto amodeling

process to create the model of the wafer bonding process (block 1311). The fitted
coefficients of the fingerprinting functions may be fitted as function of process conditions
ofthe wafer bonding process. The model of the wafer bonding process may be created by

fitting the fitted coefficients of the fingerprinting functions as a functionof the process
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conditions of the wafer bonding process used to bond the wafers, as well as the distortion
ofthe post-bond wafers. The function may be linear, quadratic, exponential, or other
noniinear forms, with one or more of the process conditions discussed previously. The
functionmay also include terms where two or more ofthe process conditions interact
with eachother in linear, quadratic, exponential, or other nonlinear form, ways. The
exact format of the function may be determinedthroughacomputer algorithm, for
example linear regression, random forest, genetic programming, pattern search, neural
network, deeplearning, etc. The model is constructed so that the processconditions may
be estimated by using any distortion of the post-bond wafers. The ability of the model of
the wafer bonding processto estimate the process conditions inaccordance with the
distortionofthe post-bond wafers enables the optimization of the wafer bonding recipe

fromthe distortionmeasurements of the post-bond wafers.

(0109} Figure 14 illustrates a flowdiagram of operations 1400 cccurring ina generation

of a wafer bonding recipe with feedback based optimization of the wafer bonding
recipeaccording to example embodiments presented herein. Operations 1400 may be
indicative of operations occurring ina wafer processing tool as the wafer processing tool
generates a wafer bonding recipe withfeedback based optimizationof the wafer bonding

recipe. Operations 1400 may be animplementationofblock 1215 of Figure 12.

[0110] Operations 1400 beginwiththe wafer processingtoolidentifyingaportionofa

post-bond wafer that fails to meet a post-bond wafer distortionthreshold (block 1405).
Asan example, givena particular post-bond wafer, with distortionthat fails to meet a
post-bond wafer distortionthreshold, the wafer processing tool determines one or more
portions of the post-bond wafer with distortion measurementsthat fail to meet the post-
bondwafer distortionthreshold. Inanembodiment, in a situation wherethereis a
plurality of portions of the post-bond wafer that all fail the post-bond wafer distortion
threshold, the wafer processing tool may identify asubset of the plurality, correct for that

identified subset, and repeat for other subsets of the plurality until all of the plurality of
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portions of the post-bond wafer that all fail the post-bondwafer distortionthreshold

have beenaddressed.

[o111] The wafer processing tool makes a change to the distortionof the identified

portionofthe post-bondwafer (block 1407). Inan embodiment, the wafer processing
tool changesthe distortionin only the identified portion of the post-bond wafer. Inan
embodiment, the wafer processingtool changes the distortionin not just the identified
portionofthe post-bond wafer, but in adjacent and, perhaps, nearby portions of the post-
bondwafer, to make the changein the distortioncontinuous. The definitionof "nearby
portions” may be a configuration parameter for the wafer processing tool, potentially

trading off optimization complexity for bonding performance.

{o112] The wafer processing tool estimates the process conditions of the wafer bonding

recipe that would produce a post-bond wafer with the distortionmeasurements (block
1409). Inother words, the wafer processing tool, usingthe model ofthe wafer bonding
process, estimates the process conditions that would result in a post-bond wafer that
would have a measured distortionthat matches the changed distortion. The wafer
processing tool creates the wafer bonding recipe fromthe estimated process conditions

(block 1411).

fo113] Examiple 1. A method including: having a first wafer bonding recipe anda model

of a wafer bonding process, the model including an input indicative of aphysical
parameter of a first waferto be bondedto a second wafer and configured to outputa
wafer bonding recipe based, atleast in part, on the physical parameter of the first wafer;
obtaining measurements of the first wafer to obtainthe physical parameter of the first
wafer; generating, by the model, the first waferbonding recipe based, at least in part, on
the physical parameter of the first wafer; and bonding the first wafer to the second wafer

in accordance withthe first wafer bonding recipe to produce a first post-bond wafer,

{o114] Exarmple 2. The method of example 1, further including annealing the first post-

bondwafer to produce afusionbonded wafer.
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fo115] Example 3. The method of one of examples t or 2, where the physical parameter
ofthe first wafer includes out-~of-plane distortions of the first wafer.
[0116] Example 4. The method of one of examples t to 3, further including deriving the

model of the wafer bonding processincluding: obtaining measurements of third wafer

and fourthwafer to obtain a physical parameter of the third wafer and a physical

"

parameter of the fourth wafer; simulating wafer bonding of the third wafersand the

fourthwafersin accordance with process conditions to estimate a physical parameter of a

simulated post-bond wafer; and creating the model of the wafer bonding processin

accordance withthe physical parameter of the third wafer, the physical parameter ofthe
10 fourthwafer, the process conditions, and the estimated physical parameter ofthe

simulated post-hbond wafer.

[o117] Example 5. The method of one of examples 1 to 4, where creating the model of the
wafer bonding processincludes: comparing the physical parameter of the third wafer, the
physical parameter of the fourth wafer, the process conditions, and the estimated

15 physical parameter of the simulated post-bond wafer; and determining the model of the

wafer bonding processinaccordance withthe comparison.

[0118] Example 6. The method of one of examples 1 to 5, where generating the first wafer
bonding recipe includes: estimating, by the model, post-bond distortions of the first post-
bond wafer in accordance withthe physical parameter of the first wafer; tuning process

20 conditions of the first wafer bonding recipe to optimize the estimated post-bond
distortions of the first post-bond wafer; and generating the first wafer bonding recipein
accordance withthe tuned process conditions.

[o119] Example 7. The method of one of examples 110 6, further including obtaining
measurements of the second waferto obtaina physical parameter of the second wafer,

25 where the first wafer bonding recipe is further generated based anthe physical

parameter of the second wafer.
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foi2o]  Example8. Themethodofoneofexamplesttoy, further includingbonding a
third wafer to a fourth wafer in accordance withthe first wafer bonding recipe to produce

a second post-bond wafer,

[o121] Example 9. The method of one of examples 1 to 8, where the first wafer and the
third wafer are part of a first wafer lot, and the second wafer and the fourthwafer are
partof a second wafer lot, and where the first wafer lot and the second waferlot are

processed together inasemiconductor fabrication process flow.

{o122] Example 10. Amethod including: having a model of a wafer bonding process, the
modelincluding an input indicative of a physical parameter of a first post-bond wafer
and configured to output a wafer bonding recipe based on the physical parameter ofthe
first post-bond wafer; bonding a first wafer to a second wafer in accordance with a wafer
bonding recipe, to formthe first post-bond wafer; obtaining measurements of the first
post-bond wafer to obtainthe physical parameter of the first post-bond wafer;
generating, by the model, the first wafer bonding recipe in accordance with the physical
parameter of the first post-bond wafer; and bonding a third waferto a fourthwaferin

accordance withthe first wafer bonding recipe, to forma second post-bond wafer.

fo1243] Example 11. The method of example 10, furtherincluding annealing the first post -
bond wafer to produce afirst fusion bonded wafer; and annealing the second post-bond

waferto produce asecond fusionbonded wafer.

fo124] Example 12. The method of one of examples 10 or 11, where obtaining
measurements includes scanning the first post-bond wafer to obtainthe physical
parameter of the first post-bond wafer.

[o125] Example 13. The method of one of examples 10 to 12, furtherincluding: obtaining
measurements of the second post-bond waferto obtaina physical parameter of the
second post-bond wafer; generating, by the model, a second wafer bonding recipein

accordance withthe physical parameter of the second post-bond wafer; and bonding a
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fifthwafer to a sixthwafer in accordance withthe second wafer bonding recipeto forma

third post-bond wafer.

[o126]  Example 14. A processing systemincluding: a non-transitory computer-readable

storage medium including instructions that when executed cause a processor of a
computing deviceto perform operationsincoordination with a semiconductor wafer
fabricationprocess, theinstructions including: having a first wafer bondingrecipeand a
model of a wafer bonding process, the model including an input indicative of a physical
parameter of a first waferto bebondedto a second wafer and configured to outputa
wafer bonding recipe based onthe physical parameter of the first wafer; obtaining
measurements of the first wafer to obtain the physical parameter of the first wafer;
generating, by the model, the first wafer bonding recipe based on the physical parameter
ofthe first wafer; and bonding the first wafer to the second wafer in accordance withthe

first wafer bonding recipeto produce a first post-bond wafer.

{o127] Example 15. The processing systemof example 14, further including: a process

chamber; a substrate holder in the process chamber, the substrate holder configured to
mechanically support the second wafer whenthe first wafer is bonded to the second

wafer; and a batchsystemto holda plurality of wafersoutside the processchamber.

[0128] Examiple 16. The processing systemof one of examples 14 or 15, wherethe

instructions further include deriving the model of the wafer bonding process including:
obtaining measurements of third wafer and fourthwafer to obtain a physical parameter
ofthe third wafer and a physical parameter of the fourth wafer; simulating wafer bonding
ofthe third wafer and the fourthwafer in accordance with process conditions to estimate
a physical parameter of a simulated post-bond wafer; and creating the model of the wafer
bonding processinaccordance withthe physical parameter of the third wafer, the
physical parameter of the fourth wafer, the process conditions, and the estimated

physical parameter of the simulated post-bond wafer.
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{0129] Example 17. The processing system of one of examples 14 to 16, where creating
the model ofthe wafer bonding process includes: comparing the physical parameter of
the third wafer, the physical parameter of the fourthwafer, the process conditions, and
the estimated physical parameter of the simulated post-bond wafer; and determining the

5 model of the wafer bonding process inaccordance withthe comparison.

[o120] Example 18. The processing system of one of examples 1410 17, where generating
the first wafer bonding recipe includes: estimating, by the model, post-bond distortions
ofthe first post-bondwaferin accordance withthe physical parameter of the first wafer;
funing process conditions of the first wafer bonding recipe to optimize the estimated

10 post-bond distortions of the first post-bond wafer; and generating the first wafer bonding

recipein accordance withthe tuned processconditions.

[o131] Example 19. The processing systemof one of examples 14 10 18, wherethe
instructions further include bonding a third wafer to a fourthwaferin accordance with

the first wafer bonding recipe to produce asecond post-bond wafer.,

15 [0132] Example 20. The processing system of one of examples 14 to 19, where the

processing system includes a wafer bonding system.

[0133] While this invention has been described with reference to illustrative
embodiments, this descriptionis not intended to be construed ina limiting sense.
Various modifications and combinations of the illustrative embodiments, as well as other
20 embodiments of the invention, will be apparent to persons skilledin the art upon
reference to the description. Itistherefore intended that the appended claims encompass

any such modifications orembodiments.
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WHAT ISCLATMEDIS:
1. A method comprising:

having a first wafer bonding recipe and a mode!l of a wafer bonding process, the
model comprising an input indicative of a physical parameter of a first wafer to be bondedto
a second wafer and configured to output a wafer bonding recipe based, at leastin part, onthe
physical parameter of the first wafer;

obtaining measurements of the first wafer to obtainthe physical parameter ofthe
first wafer;

generating, by the model, the first wafer bonding recipe based, at least in part, on the
physical parameter of the first wafer; and

bonding the first wafer to the second wafer in accordance withthe first wafer bonding

recipe o produce a first post-bond wafer.

2. The method of claim 1, further comprising annealing the first post-bond wafer to

produce afusionbonded wafer.

3. The method of claim 1, wherein the physical parameter of the first wafer comprises

out-of-plane distortions of the first wafer.

4. The method of claim 1, further comprising deriving the model of the wafer bonding
process comprising:

obtaining measurements of a third wafer and a fourthwafer to obtaina physical
parameter ofthethird wafer and a physical parameter of the fourthwafer;

simulating wafer bonding of the third wafer and the fourth wafer in accordance with
process conditions to estimate a physical parameter of a simulated post-bondwafer; and

creating the model of the wafer bonding processin accordance withthe physical
parameter of the third wafer, the physical parameter of the fourthwafer, the process

conditions, and the estimated physical parameter of the simulated post-bond wafer.
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5. The method of claim 4, wherein creating the model of the wafer bonding process
coniprises:

comparing the physical parameter of the third wafer, the physical parameterofthe
fourthwafer, the process conditions, and the estimated physical parameter of the simulated
post-bondwafer; and

determining the model of the wafer bonding process inaccordance withthe

comparison.

6. The method of claim 5, wherein generating the first wafer bonding recipe comprises:

estimating, by the model, post-bond distortions of the first post-bond waferin
accordance withthe physical parameter of the first wafer;

tuning process conditions ofthe first wafer bonding recipe to optimize the estimated
post-bond distortions of the first post-bond wafer; and

generating the first wafer bonding recipe in accordance with the tuned process

conditions.

7. The method of claim 1, further comprising obtaining measurements ¢fthe second
waferto obtaina physical parameter of the second wafer, whereinthe first wafer bonding

recipeis further generated based onthe physical parameter of the second wafer.

8. The method of claim 1, further comprisingbonding a third wafer to a fourthwaferin

accordance withthe first wafer bonding recipe to produce asecond post-bond wafer.

9. The method of claim 8, whereinthe first wafer and the third wafer are part of a first
waferlot, and the second wafer and the fourthwafer are part of a second waferlot, and
wherein the first wafer lot and the second waferlot are processedtogetherina

semiconductor fabricationprocessflow.

10.  Amethodcomprising:
having a model of a wafer bonding process, the model comprising an input indicative

of a physical parameterofafirst post-bond wafer and configured to output a waferbonding
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recipe based on the physical parameter of the first post-bond wafer;

bonding a first waferto a second wafer in accordance with a wafer bonding recipe, to
formthe first post-bond wafer;

obtaining measurements of the first post-bond waferto obtain the physical
parameter of the first post-bond wafer;

generating, by the model, the first wafer bonding recipe in accordancewiththe
physical parameter of the first post-bond wafer; and

bonding a third wafer to a fourth wafer in accordance with the first wafer bonding

recipe, to forma second post-bond wafer.

11.  Themethodofclaim 10, further comprising annealing the first post-bond waferto
produce a first fusion bonded wafer; and annealing the second post-bond wafer to producea

second fusionbonded wafer.

12.  Themethodof claim 10, wherein obtaining measurements comprises scanning the

first post-bond wafer to obtain the physical parameter of the first post-bond wafer.

13. The method of claim 10, further comprising:

obtaining measurements of the second post-bond waferto obtaina physical
parameter of the second post-bond wafer;

generating, by the model, a second wafer bonding recipe in accordance withthe
physical parameter of the second post-bond wafer; and

bonding a fifthwaferto a sixthwaferin accordance withthe second waferbonding

recipeto forma third post-bond wafer.

14. A processingsystemcomprising:

a non-transitory computer-readable storage medium comprising instructions that
when executed cause aprocessorof a computing device to perform operationsin
coordination witha semiconductor wafer fabrication process, the instructions comprising:

having a first wafer bonding recipe and a model of a wafer bonding process,
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the model comprising an input indicative of a physical parameter of a first wafer to be
bondedto a second wafer and configured to output awafer bonding recipe based onthe
physical parameter of the first wafer;

obtaining measurements of the first wafer to obtainthe physical parameter of
the first wafer;

generating, by the model, the first wafer bonding recipe based on the physical
parameter of the first wafer; and

bonding the first wafer to the second wafer in accordance withthe first wafer

bonding recipeto produce afirst post-bond wafer.

15.  Theprocessing system of claim 14, further comiprising:

a process chamber;

a substrate holder inthe process chamber, the substrate holder configured to
mechanically support the second wafer when the first wafer is bonded to the second wafer;
and

a batchsystemto hold a plurality of wafers outside the process chamber.

16, The processing system of claim 14, whereinthe instructions further comprise
derivingthe model ofthe wafer bonding process comprising:

obtaining measurements of third wafer and fourth wafer to obtain a physical
parameter of the third wafer and a physical parameter of the fourth wafer;

simulating wafer bonding of the third wafer and the fourthwafer in accordance with
process conditions to estimate a physical parameter of a simulated post-bondwafer; and

creating the model of the wafer bonding process in accordance with the physical
parameter of the third wafer, the physical parameter of the fourthwafer, the process

conditions, and the estimated physical parameter of the simulated post-bond wafer.

17.  Theprocessing system of claim 16, wherein creating the model ofthe waferbonding

process COIHpE‘iSQS:
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comparing the physical parameter of the third wafer, the physical parameter ofthe
fourthwafer, the process conditions, and the estimated physical parameter of the simulated
post-bond wafer; and

determining the model of the wafer bonding processinaccordance withthe

comparison.

18 Theprocessing systemof claim 17, wherein generating the first wafer bonding recipe
comprises:

estimating, by the model, post-bond distortions of the first post-bond waferin
accordance withthe physical parameter of the first wafer;

tuning process conditions of the first wafer bonding recipe to optimize the estimated
post-bond distortions of the first post-bond wafer; and

generating the first wafer bonding recipe in accordance with the tuned process

conditions.

19.  Theprocessingsysiem of claim 14, whereinthe instructions further comprise
bonding a third wafer to a fourthwaferin accordance with the first wafer bonding recipeto

produce asecond post-bond wafer.

20.  Theprocessing systemofclaim 14, whereinthe processing sy stem comprises awafer

bonding systerm.
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