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SCREENING EDGE PLACEMENT UNIFORMITY WAFER STOCHASRTICS
CROSS-REFERENCE TO RELATED APPLICATIONS

{0001} This applcation claims priority to the provigional patent application fifed April 6,
2022 and assigned UL8, App. No. 63/328,017, the disclosure of which s hereby mcorporated by

S reference.
FIELD OF THE DISCLOSURE
{6002} This disclosure relates to sermtconductor metfology.
BACKGROLIND OF THE DISCLOSURE

{0003] Evolutipn of the semiconductor manufacturing industey is placing greater demands
0 on yvield management and, 1 particedar, on metrology and nspection systems.  Critical dimensions

continue to shrik, vet the industry needs to decrease time for achieving high-vield, high-value

production. Minimizing the total time from detecting a vield problem to fixing it maximizes the

return-on-ihvestment for a semiconductor manufaciurer.

{0004 Febricaring ssmiconductor devices, such as logic and memory devices, typically
15 includes processing a semiconductor wafer using a large sumber of fabrication processes to form
variops features and multiple levels of the semiconductor devices. For example, lithography tsa
sericonductor fabvication process that involves wansferving a pattern from a reticle o a photoresist
arranged on a semiconducior wafer. Additional examples of semiconductor fabrication processes
include, but are not Limited to, chemical-mechanical polishing {CMP), etching, deposition, and fon
20 implantation. An arrangement of mupltiple semiconductor devices fabricated on a single

semiconductor wafer may be separated nto individual semiconductor devices.

{0005] Mefrology processes are used at various steps during seniconductor manuficturing

to monttor and control the process. Metrology processes are different from inspection processes in

that, unlike inspsction processes i which defects are detecied on wafers, metrology processes are
25 used to measure one or more charactenistics of the wafers that cannot be determined using existing

nspection tools. Metrology processes can be used to measure one or more characteristics of wafers
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such that the performance of a process can be determined from the one or more characteristics. For
example, metrology processes can measure a dimension (e, line width, thickness, ete.) of features
formed on the wafers daring the provess. In addition, if the one or more characteristics of the wafers
are unacceptable (e.g., out of a predeternuned range for the chavacteristic{s)), the measurements of
the one or more characteristios of the wafers may be used to alter one or more parameters of the

process such that additional wafers manufactured by the process have acceptable characteristio(s).

H006] Metrology tools are designed to make many different types of measurements for
semicenducter mannfacturing such as measuring characteristics of one or more targets. These
characteristics can inclode, for example, eritical dimensions (CDs), overlay, sidewall angles, film
thicknesses, line edge roughness (LER}, line width rouglmess {LWR), pattern placement ersors, or
process-related parameters {e.g., focus and/or dose). The targets can include certain regions of
interest that are periodic in nature, such as, for example, gratings in a menory die. The mewology
fargets may possess varicus spatial characteristics and are tepleally constructed of one or more cells
which may include features tn one or maore favers priuted in one or more Hthographically distinet
exposures. The targets or the cells may possess varlous synumetries such as two-fold or four-fold
rotation symmetry andior reflection synumetry, Different cells or combinations of cells may belong
1o distinot layers or exposure steps. The individual cells may comprise either isolated nop-periodic
features o, alternately, they may be constructed from one, tivo, or thres dimensional periondic
structures or combinations of non-pertodic and periodic structures. The periodic structures may he
non-segmented or they may be constructed from finely segmented features that can be at ar close to
the minimum design rule of the Hthographic process used to print them. The metrology targets may
also be collocated or in close proxamity with dommification structures in the same layer or in a layer
above, below, or in between the favers of the metrology structures. Targets can include multiple
tayers {or filins) whose ticknesses can be measuwred by the metrelogy tool. Targets can include
target destgns placed (or already existing) on the semiconductor water for use {e.g., with alignment
andior overlay registration operations). Certain targets can be located at various places o the
semiconducior wafer. For example, targets can be located within the scribe lines {e.g., between
dies) anddor located in the die itselfl In cortain embodiments, multiple targets are measured at the
same Hime or at ditfering times by the same or maltiple metroloay tools. The data fom such

measurenents may be combined. Data from the metrology tood is used in the semiconductor
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manufacturing process to feed-forward, feed-backward, andfor feed-sideways corrections to the

process (e.g., lithography, erch) and, therefore, miuht vield a complete pracess control solution.

j0067] Photolithography can have defects driven by the guantized nature of light and
materials, For example, Heht s quantized fnto photons, and the chemical reactants ju photoresist are
diserate molecules. These are often called shot noise deficts or stochastic defects. These stochastic
defects can be prevalent for extrerne ultraviolet (EUV) lithography, but can appear at exposure
wavelsngths used in other lthographic processes such s ArF imumersion. “Stochastic” means that
the average behavior may be within desived specificanon (e.g., photovesist width, tp-to-tip
measurement for Hne-ends, or photoresist thickness) while simulianecusly extibiting flucinations
that cause the pattemn to fail {e.¢., bridging or bregking for a line/space pattern) with & non-zero
probability. Given that a wader includes hillions of tronsistors, even snall fatlure probabilities can

lead to substantial yield loss.

{0068] Stochastic defects may present nltiple challenges in & fabrication environment.
Typically, defects may be assumed o be defenoinistic such that a known defect will Congistently be
present when fabricated according (o a known production recipe including a pattern of elements o
be fubricated on a sample and exposure parameters. For example, process window gualification
{PWO typically identifies process-timiting defects that alwavs occur when exposure conditions fall
ouiside of a process window. In an instance, a process window may define limits on the defocus
associated with the position of the sample along the optical axis of the lithography tool {e.g., the
focal position of the sample} or the dose of enerpy from the iHumination source incident on the

sample during exposure,

{0069] Previously, features on 8 semiconductor waler were measured individually. For
example, a scanning electron microscope (SEM) or erifical dimension SEM (CDSEM) was used for
high-resolution imaging of mdividual patterns on a wafer. Each pattern was evaluated separately
and fully characterized, which led o low sampling or low throughput. Low sampling limits

nformation about wafer stochastics.

{0010] Tmproved systems and tochatques are needed.
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BRIEF SEMMARY OF THE DISCLOSURE

{D011] A methiod is provided in a first embodiment. The methad includes determining,
using & processor, a design-assisted composite signal from a plarality of features on a wafer using
measurements of the wafer from & water metrology tool and & design of the water. Usingthe
provessor, a simulated tool signal for the design of the wafir that accounts for noise sources and
imaging properties of the wafed metrology tool s detenmined. Using the processor, an edge
placement uniformity signal that 1s a differgnce between the design-assisted composite sigual and

the stmulated ol signal is determined:

jo012] The water metrology tool can be & scanning electron microscope.

jou13] The measureanents of the wafer can be generated during overlay measurements of the
wafer,

{o014] The method can fether fnclude anglyvaing 4 shape sudfor an avea of the edge

placement uniformity signal. The shape and the area ave caused by at Isast stochastics,  Distribution
of edge placement erors can be determined based on the shape. The method alse can further

inclode inspecting the waler at locations with the edge placement érrors,

j0015] The measurements can be of a phaality of lines of devices on the wafer. Fach of the

piarality of lines can have one of the edpe placement uniformity signals.

j0016] The method can further include comparing, using the processor, the edge placement

uniformity signal against a specification for the wafer.

j1 7] The destun-assisied composite signal can be an average of the measurements.

{0018] The feature can be an edge of a siructure on the wafer or a center of a structure on the
wafer.

{0(19] A non~transitory computer readable medium storing a program can be configured to

mstruct the processor to execute the method of the first embodiment.
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{0020} A system is provided i a second embodiment. The system includes a particle beam
source that generates an electron beany; a stage configured to hold a wafer in a path of the particle
beam; a detector that recedves particles from the wafer; and & provessoy in electronic communication
with the detector. The processor is configured to; determine a design-assisted composite signal from
a plurahity of features on the wafer using measwrements of the wafer and a design of the wafer;
determine a sttmdated tool signal for the design of the wafer that accounts for noise sources and
fmaging properties of the wafer metrology tool and determine an edge placement untformity sigual

ihat is a difference between the design-assisted composite signal and the simulated ool signal.

e

j0021] The particle beam can be an electron beam, a photont beam, ant fon beam, or a neutral

particle beam. In an instance, the system is a scanning electron microscope.

{022] The processor can be further configured to analyze a shiape andéor an area of the edge
placement antformuty signal. The shape and the aren are caused by at least stochastics. The
processor can be further configured to determine distribution of edge placement errors based on the
shape. The processor also can be configored to send instructions {o inspect the waler at focations

with the edge placement ervors using the particle beam.

{0623} The processor can be further configured to compare the edge placement uniformity

stgnal agaiust a spectfication for the wafer,
DESCRIPTION QF THE DRAWINGS

{0024 For a fuller understanding of the nature and olyjects of the disclosure, reference
should be made to the following detailed deseription taken in conjunction with the sccompanying

drawings, in which:

FIG. 1 s an exemplary diagram showing combination of multiple edge signals 1o generate a design-
assisted composite signal;

FIG. 2 i3 an example of inage-~based averaging;

FIG. 3 15 an example of peneration of design-assisted composite data for repeated instances of & line
siyacture;

FIG. 4 is an exemplary simulated tool signal generated from design inteat;
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FIG. §is an edge placement uniformity signal as compared to the design-assisted composite signal
and the simulated tool signal;
FIG 6 iy & Howchart of an embodinent of a method in accordance with the present disclosure; and

FIG. 7 1s a block diagram of an exemplary system i accordance with the present disclosure.
DETAILED DESCRIPTION OF THE DISCLOSLRE

{0025] Although claimed subject matter will be described In terms of certain embodiments,
other embodiments, including embodiments that do not provide all of the benefits and features set
forth heretn, are also within the scope of this disclosure, Various stuuctural, logical, process step,
and electronic changes may be raade without departing from the scope of the disclesure.

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

EUTRY] Embodiments disclosed heredn compare & design-assisted composite signal to a
simulated tool signal. The difference of both stgnals can be used to characterize waler stochastics of
the measured features, referred to g5 edge placement waifonmity (EPU). This can be used for fast
screening of wafer stochastics while performing other measwrements such as overlay metrology.

Depending om the EPU, various activns for process control can be taken.

jou17] Seanuning metrology tools are partivularly switable for generating high-resolution
meastrements of a sample (e.g., a water). For example, a resolution of a scanning metrology tool
may be based on a spot size of an Hfumination spot, which may be tghtly conrolled. However,
scanping metrology may suffer from various Hmutations such as low measurement throughput {e.g.,
long measurement mes) and/or damage to the sample during a measurement induced by the

illumination beam.

jou28| Mitigating vavious sowrees of stochastic noise associated with a fabrication process
such as LER or LWR when using some types of mewrology measurements can be beneficial,
Commeon examples imnclude, but are not limited to, dimensional measurements {8.g., CD
measurements), patiern placement (e g, regisiration) measarements, or overlay measurements {e.g.,
relative positions of features fabricsted nsing difterent exposures). Techniques for mitigating such
stochastic noise typically involve generating a high-resolution image of a fabricated structire on a

sample and then averaging measursments at different locations on the structure. However, such
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image-based techniques may similarly suffer from low measurement throaghput andfor sample
damage during @ measurement. As a result, users typically either generate measurements of a low
number of structures to provide reasonable throughput or generate measurements of a desired
munber of structures with a low throughput. 1n all cases, users must further take steps to limit the
energy deposition on the sample during & measurement (2.g., an exposure dose associated with an

incident energy per area on the sample), which may negatively impact the measurement sensitlvity,

of sagrifice some samples doring measurement,

jou2y| Embodimenis disclosed herein use detection signals associated with muultple
instances of a fabricated stuctore that ave conbined info a single data set, which i3 referred to herein
as destgn-assisted composite data. For example, a metrology system may scan an illumination beam
i a scan pattern that contacts connmon features on multiple instances of a fabricated structure (e.g.,
a common location on the maltiple instances). As an lustration, commeon featwes of & Hne
structire wmay nclude, but are not Emited 1o, g left edge, o central portion, and a right edge.
Consequently, the scan pattern may cross the same location or locations on the various instances of
the structure such that repeated measurements of the structure are generated. Design data asseciated
with the intended locations andfor orieniations of the instances of the struciure across the sample
may then be used to correlate and combine detection data of the comumon features from the multiple
instances of the structiwe. The design-assisted composite data may then include any statistical
combination of the data from the various instances of the structure such a3, but not limited to,
average values, median vatues, or the fike. Various metrology measurements of the structure may

then be generated using this design-assisted composite data.

{0030] Using destpn-assisted composite data provides flexibility to select the scan pattern,
which may overcome many of the lanitations of typical scanning-based metrology technigues such
as image~-based averaging. For example, metrology using design-assisted composite data does not
require the formation of gn image of any particular instances of the structure of interest. Rather, a
low-noise signal is generated by combining data from measurements of multiple instances of the
stractare. In this way, metrology using design-assisted composite data may be analogized 1o phase-
locked loop measurements that wtilize signal periodicity to provide sensitive measorements. This

analogy is merely Hlusirative and 13 not limiting.  For example, metrology using design-assisted
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composite data does not require peviodic signals of any type, but rather utitizes design information
10 correlate data associated with cammon femtures of a struciure (o provide sensitive, low-noise

megiurements.

HLREY Metrology based on desigu-assisted composite data as disclosed beorein can provide
multiple benefits. For example, design-assisted composite data from many instances of & structure
of nterest aeross a sample may generally provide substantially more sample podnts for averaging {or
other statistical combination) than is possible with traditional Imaging techniques, which resulis ina
high signal-to-poise ratio and more sensitive measurements. For example, waditional image-based
averaging may be limmited by a length of 8 strocture of mderest over an averaging divection andfor au
mnaging field of view (FOV), whereas design-assissed composite data may be formed from any
mumber of instances of the sbructure. By way of another example, the scan patiem may generally
include any number of waces of any design since an image of any particular structwre is not needed.
In another example, the scan pattern may be selected to Hmit or avoid damage to the sample during
measurement. Expanding a FOV can reduoce the exposure dose for a given measurement by
spregding the deposited energy over a larger area. In some embodiments, a scan pattern ineludes a
sparse sef of fraces over a relatively large FOV, which may beneficially contact many instances of a
structure of interest and also it or avoid damage 1o the sample, For lostance, the sparse set of
traces may be spaced sohstamtially further apart than would be required for a typical high-resolution

image of any particular structure.

{0632} Metrology with design-assisted composite data as disclosed herein nay be
mnplemented by any type of scanming metrology sestem known in the art inclading particle-based
scanning systems {e.g., electron, o, o neuttal particle) or optical scaming systems. In this way,
the systems and methods disclosed herein may be implemenied using particle beams, light beams, or

any combination thereof.

{0033] FIG. 6 usirated 2 method 200, Some orall of the steps of the method 200 can be

performed using @ provessor,

H1034] At 201 a design-assisted composite signal is determined from multiple edges of

featores on the wafer. This can use measurements of a wafer from a wafer metrology tool (e.g., a
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SEM) and a design of the wafer. The measurements can be of g repeating feature across a surface of
a wafer like an edge of a structure on the wafer or @ center of a structure on the wafer. For example,
the measurements can be of Hnes of devices on the wafer. Fach of the lines hayg one of the adge

placement signals,

jH35] The design-assisted composite signal can be penerated using embodiments of U.X
App. No, 177524152 titled “Design-Assisted Large Field of View Metrology,” which is
incorporated herein 0 ity entivety. FIGS. 1-3 show examples of generating a design-assisted

composite signal. The measnrements can be combined to form the design-assisted composite signal.

j0036] i seae metrology applications, stochastic variations may be considerad as noise that
reduces the signal-to-noise ratio, the measwement sensitivity, and/or the measurement accuracy.
Conyon but non-limiting examples include measurements of the shape, orientation, or position of
fabricated structores sueh as CD measurements, position (e.g., regisiration) megsurements, or

overlay measurements.

8037} FIG. 1 shows the design-assisted composite signal, which is an average or other
conmposite of the various single edge signals that are measured. These can be compared to the
design intent, which 18 the desired structure on the waler. The design inient 15 the expected
measuremnent for the design. Tool inaccuracies and noise can blur the single edge signals relative to
the design intent. The difference between the design intent and the single edge signals also may be
caused by the stracture being incorrectly positioned on the water, such as through LER or other

stochastics,

[O038] FHG. 2 is a conceptoal Hustration of an mmage-baged averagig technique for
metrology i accordance with an embodiment of the present disclosure. In particular, FIG. 2
lusteates averaging rultiple measurements on different locations of a line structure 102, A typical
scanning metrology process may include penerating a high-resolation image 104 of the sample
including at least one instance of a structure of interest (here, three Instances of a line structure 103)
using a dense array of near traces 106 acrosz a FOV. In this wayv, multiple traces 106 generate data
associated with a pasticular Ene structore 102 at different locations. For example, the inset 108

ittustrates a conceptual depiction of detection signals associated with five traces 106 at diffevent
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locations along the line structare 102 {e.g., five rows of the image 104) with a region of interest 110,
In thas inset 108, each pixel 112 represents a measurement along a race 106 and variations of the

values of the pixels 112 along between traces 106 corresponds 1o stochastic woise.

0039 The trace 106 represents a signal generated along the path of the beamn. 1o an
imaging case such as FIG. 2, this can be equivalent 1o a pixel line. The pixel line can be a vow or

cotuma depending on the scamsng method,

{00640} In this typical image-based techmique, the stochastic noise may be mitigated by
averaging data aloog a direchion orthogonal to the traces 106 (here, the vertical divection 114), The
inser 116 illustrates a conceptoal plot of such image-averaged data 118, The image-averaged data
118 can include the single edge signal of FIG. 1 andfor the design-assisted composite signal of FIG.
1. Image-based averaging sverages multiple pbxel lines without using the design. Noise can e
somewhat reduced. Tool noise reduction is comparable, but wafer stochastics tend to be only ona

localized seale and not to the same extent ax in the full desipn-assisted averaging case.

j0041} The tmage-based gveraging technique Hlustrated in FIG. 2 moay suffer from various
limitstions. For example, the number of data points available to average is limited by a number of
traces 106 on any particular instance of a structure of interesi, which may in turn be lmited by the
size, shape, or geometry of the structure. While FIG. 2 Hostrated Bine structures fithing the FOV of
the image 104, the structures of interest may generally have any shape, size, or otientation. Asa
result, the munber of data points available for averaging may be more limited in practice. In another
example, the number of traces 106 (and the nnmber of datapoints avallable for averaging) may not
be increased arbitrarily. Rather, the density of the traces 106 and, thus, the number of data points
available for averaging may be limited by the damage threshold of the sample or sfructures thereon,
As an illustration, photomasks (e.g., photoresists) may have relatively low damage thresholds that
may Lot the effectiveness of image-based averaging techaiques. In another example, the
generation of such high-resolution images tvpically are time-consuming, which may it the size of

the FOV and the measurement throughput overall.

{1042} The presence of repeated instances of structures of interest san be used to provide

sensitive, hgh-thronghput metrology. In particular, data associated with conmmon features (e.g,

10
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focations) of multiple instances of a structure of interest may be combined based on design data
including the intended focations andéor orientatinns of the various instances of the structure across
the sample. Such data may be referred 10 as design-assisted composite data, In this way, the
number of data points available for combmation (e.g., by averaging or any other statistical
combination) may be mited only by the number of instances of the stucture of inferest along a
scan pattern. The Hustration in FIG. 1 averages the various single edge signals. Furthermore, there
is no requirernent that an fmage of any particular structure be generated. A single trace across gach
instance of a structure may suffice w some apphications. As a result, the FOV and the exposure dose
may be substantially reduced, which can enable measurements with relatively high intensities

withou inducing dapsmge andfor can provide a desived measarement throughput.

{D643] Design data associated with the mtended locations and/or onentations of the
instances of the structure across the sample can then be used to correlate and combine detection data
of the conmon features from the multiple instances of the strocture. The design-assisted comiposite
data may then include any statistical combination of the data from the various mstances of the
structure such gs, but not Hindted to, average values, median values, or the ke, Various metrclogy

measurements of the structure can then be generated using this desigrn-assisted composite data.

{00444} A design of various fabricated instances of a stracture on o sample can be used
detenmining the desipgn-assisted composite data. The sample can melude a semiconductor device at
any stage of fabrication ncloding repeated instances of various fabricated structeres, a photomask
{e.g., a photoresist} including repeated instances of photomask structares used in the falwication

process, or any other material including repeated instances of one or maore structures of tuterest,

{D645] The desigts dats may mchide any sype of data from any soorce providing information
about the mtended design of a structure of interest on the sample including, but not himited 1o,
locations of the structure, @ shape of the structure, or an orientation of the structure af each location
Forexample, the design date may include schematics of the sample wsed to guide the fabrication of
various layers {e.g., graphic design svstem (GDS) data or the like), metrology messurements of the

sample taken at the corrent or any previous process step, or 8 combination thereof.

11
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{0048} In some embodiments, an illumination spot can be scanned along a scan pattern with
respect to the sample (e.g., using the scanning mewnlogy toal or the like), where the scan pattem
crosses at Jeast one common featare on the plurality of fabricated instances of the structare on the
sample. The scan pattern may include any type or design of traces suitable for mtersecting with at
least one commeon feature of the mstances of the strocture o be measwred. For example, the scan
pattern niay inchude one or more linear scan traces, which may be, but are not required i be,

parallel. In another example, the scan pattern wiay include one or more curved scan traces.

H0047] The detection signals from the scanning metrology tool can be associated with the
scan pattern.  Thus, detection signals generated by the scaming mewology tool along the scan

pattern may be correlated to location on the sample.

HH148] Design-assisted composite data for the structure can be determined by combmning
detection signals from conumnon features of the structure from the fabricated instances of the
structure using the design data. For example, the design data may be used to correlate detection
siguals of common Ratures of the structure goress multiple tastances of the stracture across the
sample. The design-assisted composite data may then include any statistical combination of
detection signals from the comymon features of the structure, such as average valugs, A conumon
feature across multiple mstances of 8 structhure may include any featiwe of the structure, suchas an

sdpe or a center position,

04 To correlate detection signals, the design data can be analvzed to find the design-
indent locations of identical/similar patterns fe.g., ines of same width and sinatfar surrounding).

{Omly waces which contain these locations may be used for sipnal processing. The trace can be

optimized before the measurement to maximize the amount of usable signal.

0650} The destgn-assisted composite data can be generated with a high-resolotion tmage ot
without geverating a conventional high-resolution image of any particular instance of a struciure of

interest. Rather, the design-assisted composite data can be buili up by measwrements of common

featuwres on many ditferent ynsfances of the structure of interest.
{0051 FIG. 3 is an example of the generation of design-assisted composite data 152 for

repeated instances of a Iine structure 154, i accordance with one or move entbodiments of the

12
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present disclosure. The inset 150 iflustrates five instances of the line structwre 154 and a portion of a

scan pattern 158 {e.g., a linear trace 160} across the various instances of the Hne structure 134,

joRs2] The inset 162 is & schematic view of detection signals generated by a scanning
metrology tool along the portion of the scan pattern. For exaraple, the detection signals tnclade a
series of pixels 164 associated with a sampling rate of the scamning metrology tonl. The scanning
metrology toel may include any type of scanning metrology ol knows in the art utiltzing any type
of scanned ihamination beam such as a particle beany (e.g., an alectron beam, an lon beam, & neutral

particle beany, or the hike) or a light beam of any wavelength,

{0033 The tiset 166 is an Hustrative plot of design-assisted composite data 153 generated
using the detection signals and design data associated with the design of the line structares 154, For
example, the design-assisted composite data 152 may be generated by using the desigs data to
corvelate particular pixels 164 of the detection signals agsociated with common features of the hne

siructures 154,

TR As an tHustration, pixels 184a-1, 164a-2,.. . 164a-5 may be associated with a left edge
168 of o line structure 154 (e.g., a first common feature), while pixels 164b-1, 164b-2,. . 164b-5 may
be associated with a right edge 170 of a lne structure 154 {e.g., a second common feature),
Simularly, the pizels 164e-1, 164¢-2,... 164¢-5 may be associated with a central particn 173 of a ling
stractuve 154 {e.g., a third common featwre). The correlated pixels 164 may then be cormbined nto
the design-assisted composite data 152 using any statistical combination such as, bai not Hmited 10,
averaging the corvelated pixels 164, Tn this way various sources of stochastic noise such as LER or
LWR may be mitigated or otherwise suppressed. The design-assisted composite data 132 may then
be nsed as the basis for any number or type of metrology measurements of the hne siucture 134 of
interest. For instance, the design-assisted composite data 152 illustrated in the inset 166 may be
utitized for metrology measurements such as a position of the loft edge 168, a posttion of the night
edge 170, a width of the Hne structure 154 {e.g, 2 €1 measurement}, or lateral postiion along the

direction of the linear trace.

{0055] As itustrated in FIG. 3, design-assisted composite data 152 may he generated

without generatiug a conventional high-resolution tmage of any particular instance of a.structure of

13



1

%
[¥:

LH

{

L8y

WO 2023/196167 PCT/US2023/017003

interest {2.g., the hoe stractyre 154 in FIG. 3). Rather, the design-assisted composite data 152 can
be built up by measurements of common features pn many different mstances of the strocture of
mierest. Metrology based on design-assisted compesite data 152 as disclosad herein can
benefictally provide high sensitivity and high throughpur while also hmiting damage of the sample
1R during the measurement process. In particular, the lack of a requirement to genergle an image
of the structure of interest enables substantial flexibility for tailoring the scan pattern 158 for a
particular appheation or sample design, For example, the scan pattern 158 may nclude one or miore
traces 160 of arbittary length or curvatuwre. By way of another example, the scan pajtern 158 may
mchude a sparse distribution of wraces 160, Further, & scan pattern 158 may be designed to Himitthe
exposure dose on the sample 108, For instance, the scan pattern 138 may be designed to limit {o the

gxposure dose 10 8 level below a damage threshold of the sample 108 or any structures therson.

j0056] Turming back to FIG. 6, a sinmudated tood signal is determined from noise sources and
imaging propesties of the wafer metrology tool and the design of the wafer at 202, An example is
shown in FIG. 4. A ool model can be applied to account for tool properties, such as imaging
characteristics, beam characteristics {¢.g., beam jitter}, and/or tool noise {e.g., shot ndise ar stage
Jitter). The stalated rool signal is the expected result of the design intent after considering the 1o}
properties. Thus, the simulated tool signal can be an ides! measnrement given the associated, for

example, stage jilter on a tool,

{057 An example of deternining a sinnlated tool signal is disclosed in Villarrubia et al,
“30 Monte Carlo Moedeling of the SEM: Are There Applications to Photomask Metrology™ (2014),
which i incorporated by reference in its entivety. An imaging model can be combined with a model
of other error sources such as stage vibration. Thus, the combined model can use tool sensor signals
{e.g., from a stage interferometer). A simulated sool signal can be created combining imaging noise

from the imaging model and other tool noise from the tool model,

[HO58] In an instance, the edges in the design {ile are infinitely sharp and binary. This can
show the inside of strocture versus the onside of a stracture. The model to determine the sinlated
tool signal can inclade an amplitede and offset of a signal inside a structuwre and outside of a
structure. The model 1o deternsine the simulated wol signal also can include beam properties for

edge shape. These beam properties can be similar 10 a point-spread-function in optics.
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{0089] As shown in FIG. 6, an EPU signal is determined at 203, The EPU signal is a
difference between the design-assisted conposite signal and the simulated ool sigaal, which is
shown in FIG. S0 For example, the EPU signal can be the overall area of the difference between the
design-assisted composite signal and the simulaed tool signal. The detailed shape andfor area of the
EPU signal s primarily caused by the wafer stochastics. Thus, overall information like the

distribution of edge placement errors can be determined from the EPL signal,

{0060 Dvsreparding additional variations {e.g., thickness, sidewall angle} and noise, then
single edge sipnals should have the same shape with different shifis {e.yr, edge placement). Edge
placement errors tend 10 be caused by stochastic effects {e.g., LER, LWR, CD antformity, or patiern
placement vartations). The shape of the resulting measured signal contains information about the
amplitude and undertying distnibution {e.g., Gaussian/normal, uniform). This can enable
convolution of the random distribution and the single edge signal. The exwaction of a single edge

signal and distribation can be done using varions gpproaches sach as blind decorvolution.

0061} Besides the area between design-assisted composite signal and the simulated tool
signal, the EPU signal alse can be determined based on local slope and/or gradient diffevence, local
curvatwre differences, or local asymmetries. Any of these other measnrements can be combined
together with or without the area between design-assisted composite signal and the simudated tool

signal to determine the EPU signal.

6] The EPU signal can be analyzed. The shape can be caused by at least stochastics.
The EPL signal can be nsed to extract edge notse {e.g., LER, LWR CD uniformity), edge shape
variation {e.g., sidewall angle, sidewall angle variation), or signal strength variation (2.g., stack
thickness vanation). Anslywing the shape of the EPU signal can be used to determine placement or
extent of stochastics. For example, average placement (¢} can be determumned by the relative shift
between the sinulated signal and the measured signal, 1 the simulated tool signal accounts for any

tool ervory, then the EPU signal is likely caused by issues with the wafer such as stochastics.

{1063 Analyring the EPU signal can be used to evaluate what in the EPL signal is
simulated and what is not. An EPL signs! that is different from the simulated fool signal can

mdicate that a stochastic or other ervor is present. The difference in shape or area hetween the
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stmulated tool signal and the EPL signal can indicate the type of stochastic. The shape can include
slope, curvature, asymmetry, or other aspects of the borders of the EPU signal relative to that of the

stmutated tool signal.

{0064 I an enabodiment, distribution of edge placement ervors or other varigtion {g) can be
determined based on the shape. The wafer can be inspected at lovations with the edge placement

CIEOTS,

{Doas] The EPL! signal can be compared against 2 specification (e, & control Hmit) for the
wafer. The specification may be a maximuem area between the simulated tool signal and the design-
assisted composite signal, a shape, 8 slope, a curvsture, an asymmetry, or other targets. For
example, areas where the EPU signal ave inside the specification are accepted, Areas where the
EPL signal are outside the specification are marked for additional review. {n an instance, the
additionsl review 1s uses a SEM or an optical tool to fully characterize wafer stochasties (e.g, CD or

LER).

j0066] By accounting for tool characteristics iy the simulated tool signal, the EPU signal can
account for g remainder caused by the waler. The simulated tood signal 15 configured 1o account for

ool errors. Therefore, a vemainder can be stochastics on the wafer.

{067) In an example, design data for a wafer is received. This desigan data i3 used to
determine the simulated tool signal. The simulated tool signal also can sccount for the various taol
properties of the tnol making the measurements. The design and measurements are used to
determine the design-assisted composite signal. In an instance, the design-asaisted composite signal
is determined from measurements made during overlay metrology. The EPU signal is then
determined by comparing the simulated ool signal and the design-assisted composite signal. An
extraction algorithn can be apphed to the EPU signal. This example can provide fast screening of
stractures with respect to wafer stochastics without the need to fally characterize all individual
structures. A larger FOV can be used during this screening, which can affect the speed. I the same
electron heam i3 used over a lreger FOV, then each structure also i3 gxposed to a lower dose because
the ¢lectvon dose is spread over a larger areg. I an instance, only arcas with stochastics that give a

result putside of a specification need to be reviewed to detect problematic or faulty features.
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{0088] FIG. 7 45 a block diagram of an embodiment of a system 300, The system 300
includes a wafer metrology tool (which includes the elentron cobumn 301} configured to generate

signals of g wafer 304, While the signal can be an image, other dat is possible.

0069 The wafer wetrology tool includes an optput acquisition sabsystens that includes at
least an energy source and a detector, The oulput soquisition subsystem may be an elevtron beam-
based output acquisition subsystem. For esample, in one embodiment, the energy drected 1o the
wafer 304 includes electrons, and the energy detected from the wafer 304 tncludes electrons. In this
manner, the engrgy spwree may be an electron beam sonrce. In one such embodiment shown in FIG.
7. the output acquisition subsystem toctudes electron column 301, which is coupled to computer

subsysterny 302, A stage 310 may bold the wafer 304 or another type of samiple.

70} As also shown in FIG. 7, the electron column 301 inctudes an electron beam source
303 configured to generate electrons that are focused to water 304 by one or more elements 305,
The electron beam sowrce 303 may include, for example, & cathode source or emifter tip, The one or
more elements 305 may include, for example, & gun lens, an anode, a beam himiting aperture, 8 gate
valve, a beam current selection aperiure, an objective lens, and a scanning subsystem, all of which

may include anv such suitable eloments known in the art.

{0671 Electrons returned from the wafer 304 (e g., secondary electrons) may be focused by
one or more elements 306 o detector 307, One or more elements 306 may include, for example, a

scanning subsystem, which may be the same scanning subsystem inchuded in element{s) 305,

j0072] The electron column 301 also may include any other suitable elements known in the
art.
jOu73} Although the electron column 301 15 shown 1w FIG. 7 as bemng confignred such that

the electrons are directed Yo the water 304 gt an oblique angle of incidence and are scattered from
the wafer 304 at another oblique sngle, the slecwon beam may be divected o and scattered from the
waler 304 at any suitable angles. In addition, the electron heam-based output acqasition subsystem
may be configured to use multiple modes 1o generate signals of the wafer 304 {e.g., with different

ithenination angles, collection angles, ete). The mudtiple modes of the electron beam-based outpat
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acquisition subsystem may be different in any sigual generation parameters of the output acquisition

subsystem.

j0074] Computer subsystem 302 may be coupled te detector 307 as described above. The
detector 307 may detect electrons veturned from the surface of the wafer 304 thereby fonuing
signals related to the wafer 304, The signals may include any suitable electron beam images or
other data. Computer subsystem 302 may be configored to perform any of the functions deseribed
heredn nsing the output of the detector 307 andior the sigaals. Compater subsystem 302 may be
configured to perform any additional stepis) deseribed herein, A system 300 that includes the

output acgqudsition subsystent shown in FIG. 7 may be further configared as described herein,

{0075) It is noted that FIG, 7 is provided herein to generally illustrate a configuration of an
electron bean-based output acquisition subsystem that may be used in the embodiments deseribed
herein, The electron beam-based output scquisition subsysten configuration described herein may
be altered to optimize the performance of the output acquisition subsystens as 15 sormally performed
when desigiming & commercial output sequisition system, In addition, the systems described hetein
mav be inplemented sing an existing system (e g, by adding functionality described herein to an
existing system). For scme such systems, the mgthods described herein may be provided as optional
functionality of the system {e.g., n addition tv other functionality of the system). Alternatively, the

system described herein may be designed as a completely new system,

{00 76] Although the ontpnr acquisition subsystern is described above as being an electron
heam-based cutput acquisition subsystem, the output scquisition subsystem may be anjort beam-
based or nentral-beam based output acquisition subsystemt. Such an output acquisition subsvatem
may be configured as shown in FIG, 7 except that the electron beam source may be replaced with
any suitable beam source known in the art. In addition, the output acquisition subsystem may be
gy other suitable begm-based output scquisition subsystem such as those included in commercially
available focused fon beam (FIB) svstems, helium ion microscopy (HIM) systems, and secondary
ion mass spectroscopy {SIM3) systems, While illustrated with an electron beam, other output
acquisition subsystems or different systems, such as scanning near-field optical microscopy

(SNON}, near-field scanning optical microscopy (NSOM), a scanning probe, atomie force
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microscopy (AFM), or other optical scanning that uses photons (e.g., TR, photodiodes), can be

used.

0077 The computer subsystem 302 mcludes 8 processor 308 and an electronic data storage

anit 309, The processor 308 may inchode 3 mucsoprocessor, a microcontrotler, or othet devices.

{0078] The computer subsystem 302 may be coupled 1o the compoucuts of the system 300 in
any suiable manner {e.g., via ong of more transnussion media, which may include wired andior

wireless transpuission media) soch that the processor 308 can receive output. The processor 308
may be configured o perforn a mumber of fonchions using the owtput. The waler metrology tool
can receive mstractions or other mnfornation from the processor 308, The processor 308 andfor the
electronic data storage unit 309 optionally may be in electronic communication with another wafer
metrology oo, 8 wafer inspection tood, or a wafer review tool {not Hlustrated) w receive additional

nformation or send instructions.

{0079} The processor 308 13 in electronie commumication with the wafer metrology tool,
such as the detsctor 307, The processor 308 may be configured to process signals generated using
measurements from the detector 307, For example, the processor may perform embodiments of the

method 200,

{ousH) The computer subsystem 302, other system(s), or other subsystem(sy described herein
may be part of various svstems, including a personal computer system, image computer, mainframe
computer system, workstation, network appliance, internet apphiance, or other device. The
subsystern(s) or systemn(s) may also include any suttable processor 308 known in the art, such as a
parallel processor. In addition, the sobsysteni(s) or system{s) may include a platform with high-

speed processing and software, sither as a standalone or & networked 100},

{0081} The processor 308 and electronic data storage wnit 309 may be disposed inor
otherwise part of the system 300 or another device. In an example, the processor 308 and electronic
data storage unit 309 may be part of 8 standalone control unit or i a centralized guality control wit

Multiple processors 308 or electronic dafa storage units 309 may be used.
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{po82| The processor 308 may be implemented in practice by any combination of bardware,
software, and flrmware. Also, its funciions as described herein may be performed by one unit, or
divided up among different components, each of which may be implemented in tum by any
combination of hardware, software and firmware. Program code or instructions for the processor
308 to implement various methods and functions may be stored in readable storage media, such as a

memaory in the slectronic data storage unit 309 or other menmory.

{083 If the svstem 300 includes more than ove vomputer subsystem 302, then the different
subsystems may be coupled o each other such that images, data, information, instractions, ei¢. ¢an
be sent between the subsystems. For example, one subsystem may be coupled 1o additional
subsysteny{s} by any suitable transmission medig, which may include any suitable wired andfor
wireless transmisston media known in the axt. Two or more of such subsystems also may be

gffectively coupled by a shared computer-readable storage medium {not shown).

[0084] The processor 308 may be confizived to perform & number of functions using the
output of the system 300 or other cutput. For instance, the processor 308 may be configured 1o send
the vutput 1o an electvonic data storage wmit 309 or another storage mediam. The processor 308 may

be further configured as described hercin.

H0685] The processor 308 or computer subsysten 302 also can be part of a defect review
systent, an inspection system, a metrology system, or some other type of system. Thus, the
embodiments disclosed herein descrtbe some configurations that can be tatlored in g number of
manners for systems having different capabilities that are more or less suitable for diffevent

applications.

{HI86] The processor 308 may be configwred according to any of the embodiments described
herein. The processor 308 alse may be configured to perform other functions or addmional steps

using the outpat of the system 300 or using data from other sources,

HH087] The processor 308 may be conwnunicatively coupled to any of the various
somponents of sub-systems of system 300 in any manner known in the art. Mereover, the processor
308 may be configured to recsive andfor acquire data or information from other systems {e.g.,

mspection results from an inspection system such as a review tool, 8 remote dutabase including
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design data and the like) by a transmission medium that may include wired and/or wireless portions.

In this manner, the transmission medinm may serve as a data link between the processor 308 and

other subsysters of the system 300 or systems external to system 300

{0088] For ingtance, the various steps described throughout the present disclosure may be
carried out by & single processor 308 {or computer subsystern 302) or, alternatively, multiple
processors JOR {or moltiple coraputes subsystens 302}, Maoreover, different sub-systems of the
system 300 may include one or more computing or logic systems.  Therefore, the above description

should not be mterpreted as a Hmitation on the present disclosure but mevely an illustration.

{008y An additional embodiment relates to a non-transitory computer-readable medinm
storing program instractions executable on a processor for performing a computer-implemented
method for determining an EPU sigual, ax disclosed hergin. In particular, a3 shows in FIG. 7,
electronic data storage wnit 309 or other storage medium may contain non-transitory computer~
readable medivm that includes program instructions executable on the processor 308, The

somputer-implomented method may inclade any step(s) of any wmethodis) described herein,

{0050 Program mstructions implementing methods such as those described herein may be
stored on computer-teadable mediury, such as o the electronic data stovage unit 209 or other storage
medium. The computer-readable medium may be a storage medivum such ag a magnetic or optical
disk, a magnetic tape, or any other suitable non-transitory computer-readable medivm knowa in the

art.

{0091} The program mstructions may be implemented in any of various ways, including
procedure-based techniques, component-based technigues, and/or object-oriented techniques, among
others. For example, the program instructions may be inplemented using ActiveX controls, T+
objects, JavaBeans, Microsoft Foundation Classes (MFC), Streanting SIMD Extension {SSE}, or

other technologies or methodologies, as desived.

{0092] Each of the steps of the method nyay be performed as described herein. The methods
also may include any other stepls) that can be performed by the precessor andfor computer
subsystern{s} or systemys) described herein. The steps can be parformed by one or more computér

systems, which may be configured accovding to any of the embodiments described berein. In
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addition, the methods deseribed above may be performed by any of the systemy embodiments

described herein,

jouns| Although the present disclosure has been described with respect to one or more
particular embodiments, 1t will be onderstood that other embodiments of the present disclosure may
be made without departing from the scope of the present disclosure, Henge, the presemt disclosure is

deemed limited only by the appended claims and the reasonable interpretation thereofl
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‘What is claimed is:

l.

o]

tn

A method comprising:

determining, using a processor, a design-assisted composite signal from a plurality of features on
a wafer using measurements of the wafer from a wafer metrology tool and a design of the
wafer;

determining, using the processor, a simulated tool signal for the design of the wafer that
accounts for noise sources and imaging properties of the wafer metrology tool;

determining, using the processor, an edge placement uniformity signal that is a difference
between the design-assisted composite signal and the simulated tool signal; and

analyzing a shape and/or an area of the edge placement uniformity signal, wherein the shape and

the area are caused by at least stochastics.
The method of claim 1, wherein the wafer metrology tool is a scanning electron microscope.

The method of claim 1, wherein the measurements of the wafer are generated during overlay

measurements of the wafer.

The method of claim 1, further comprising determining a distribution of edge placement errors

based on the shape.

The method of claim 4, further comprising inspecting the wafer at locations with the edge

placement errors.

The method of claim 1, wherein the measurements are of a plurality of lines of devices on the

wafer.

The method of claim 6, wherein each of the plurality of lines has one of the edge placement

uniformity signals.

The method of claim 1, further comprising comparing, using the processor, the edge placement

vniformity signal against a specification for the wafer.
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The method of claim 1, wherein the design-assisted composite signal is an average of the

measurements.
The method of claim 1, wherein the feature is an edge of a structure on the wafer.
The method of claim 1, wherein the feature is a center of a structure on the wafer.

A non-transitory computer readable medium storing a program configured to instruct the

processor to execute the method of claim 1

A system comprising:
a particle beam source that generates a particle beam;
a stage configured to hold a wafer in a path of the particle beam;
a detector that receives particles from the wafer; and
a processor in electronic communication with the detector, wherein the processor is configured
to:
determine a design-assisted composite signal from a plurality of features on the wafer using
measurements of the wafer and a design of the wafer;
determine a simulated tool signal for the design of the wafer that accounts for noise sources
and imaging properties of the wafer metrology tool;
determine an edge placement uniformity signal that is a difference between the design-
assisted composite signal and the simulated tool signal; and
analyze a shape and/or an area of the edge placement uniformity signal, wherein the shape

and the area are caused by at least stochastics.
The system of claim 13, wherein the system is a scanning electron microscope.

The system of claim 13, wherein the processor is further configured to determine distribution of

edge placement errors based on the shape.

16. The system of claim 15, wherein the processor is further configured to send instructions to

inspect the wafer at locations with the edge placement errors using the particle beam.
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17. The system of claim 13, wherein the processor is further configured to compare the edge

placement uniformity signal against a specification for the wafer.

18. The system of claim 13, wherein the particle beam is an electron beam, a photon beam, an ion

beam, or a neutral particle beam.
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