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FIG. 1

measured images of semiconductor wafers with additional measurements of
particular structures within the measured images are presented herein. In
one aspect, an image-based signal response metrology (SRM) model is
trained based on measured images and corresponding reference measure-
ments of particular structures within each image. The trained, image-based
SRM model is then used to calculate values of one or more parameters of
interest directly from measured image data collected from other wafers. In
another aspect, a measurement signal synthesis model is trained based on
measured images and corresponding measurement signals generated by
measurements of particular structures within each image by a non-imaging
measurement technique. Images collected from other watfers are trans-
formed into synthetic measurement signals associated with the non-ima-
ging measurement technique and a model-based measurement is employed
to estimate values of parameters of interest based on the synthetic signals.
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MODEL~BASED METROLOGY USING IMAGES

CROS5S REFERENCE TO RELATED APPLICATION
[0001] The present application for patent claims priority

under 35 U.S.C. $118 from U.S. provisional patent
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entirety.

[0002] The described embodiments relate to metrology

systems and methods, and more particularly to methods and
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systems for improved model-based measurem
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BACKGROUND INFORMATION
[0003] Semiconductor devices such as logic and memory

devices are typilcally fabricated by a sequence of
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processing steps applied to a specimen. The variocus
features and multiple structural level
semiconductor devices are formed by these processing steps.

For example, lithography among others is one semiconductor

fabrication process that involve

( D
4]
~

2
]
o]
]
~
Qo
[
5
a
o3}
re}
ct
(s
[
e

3
]
e}
i}
jo}]

semiconductor wafer. Additicnal examplies of semiconductor

fabrication processes include, cut are not limited to,
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polishing, etch, deposition, and lon
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chemical-mechanica

implantation. ultiple semiconductor devices may be
bricated on a single semiconductor wafer and then

separated into individual semiconductor devices.
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a semiconductor manufacturing process to detect defects on

wafers to promote higher yield. Optical metrology
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techniques offer the potential for high throughput

the risk of samp
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metrology based techniques including scatferometry and

eflectometry implementations and asscciated ana
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algorithms are commonly used to characterize crif

dimensions, Tilm thicknesses, composition, overl

measurement signals seguentially and usually t
Cargets That are sparsely located on a field are

measurement capability, the number of lccations
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that can be
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[000B] In contrast, imaging based measurement systems

wafer area thalt can be characterized by imaging-base

measurements for a given wafer Throughput reguir

nuch larger compared to model-based optical metro
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[0006] Image based measurements typically involve the

recognition of specific target fe atur {(e.g., 1i
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to the image processing algorithm. For exanmple,
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traditiconal image based metrology algorithms cannct perform

[0007] In semiconductor manufacture, and patterning

processes in particular, process control is enabled by
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measurement of dedicated metrology structures by
scatterometry based metrology technigues is
fTime consuming.

[0008] Future metrology applications present challenges for
image based metrology due To increasingly small rescolution
reguirements and the increasingly high value of wafer area.

hus, methods and systems for improved image-based

[0010] In one aspect, the high information content present

in measured images is transformed into estimated values of

measured, Iimage-based training data (e.g., images collected
from a Design of Experiments (DOE) wafer) and c esponding
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measurenent mode

or more paramete

input and provide estimates
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measurement process,

along with a reduction in
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synthetic signals is significantly faster than acguiring

actual measurement data at each different location.

[0013] The foregoing is a summary and thus contains, by
necessity, simplifications, generalizations and omissions

aill; consequently, those skilled in the art wi

et

1

appreciate that the summary is i1llustrative only and is not
limiting in any way. Other aspects, 1inventive features,
and advantages of the devices and/or processes described
herein will become apprarent in the non-limiting detailed
description set forth herein.

BRIEF DESCRIPTION CF THE DRAWINGS
[0014] FIG. 1 illustrates a system 100 for performing
measurements of parameters of interest in accordance with

the exemplary methods presented herein.
(00151 FIG. 2 is a flowchart illustrative cof a method 200
of training an image based SRM model as described herein.

of performing measurements of a structu
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neing the trained

hod 4060.
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SRM model described with reference to

[0017] FIG. 4 depicts a design of wafer 1600

having a grid of measurement sites including structures
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[0018] FIG. 5 depicts i1llustrative images 162-164 of
different measurement sites of wafer 160.

[0019] FIG. ¢ illustrates a grid of pixels 165 asscciated
with image 16Z.

[0020] FIG. 7 depicts di

for model Lraining and measurement in accordance with
- ] S FR o J ] - o
method the methods described herein.
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[0021] FIG. 8 depicts a vector 176 of measured intensity
values sampled at the pixel locations il
[0022] FIG. 9 is a flowchart illiustrative of a method 220
of ftraining a measurement signal synthesis model as
00231 FIG. 10 is a fiowchart illustrative of a methcod 230
of performing measurements of a structure using the

neasurement signal synthesis model described w

DETAILED DESCRIPTICON
100241 Reference will now be made 1in detail to background

examples and some embodiments of the invention, examples of

which are illustrated in the accompanying drawings.

[0025] Methods and systems for combining the informaticon

content present 1n measured images of semiconductor wafers
with additiconal measurements of particular structures
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[0026] FIG. 1 illustrates a system 100 for measuring
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characteristics of a specimne

imaging measurements of one or more structures formed on a

imaging system, and a spectroscopic reflectometer (SR).
Alternatively, system 100 may be configured as a BPR, a
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spectroscopic ell
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stem. System 100 includes a high numerical aperture (NA)
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stops are configured fo select the illumination spot size
projected onto specimen 107. The illumination pupil stop
are configured to select the illumination pupilil projected
onto specimen 107, The iliumination field steops and pupil
stops operate in conjunction with other illumination optics
components {e.g., illumination optics 102 and okiective
106} to achieve an illumination NA tuned for optimal light
througheut, illumination field of view, and pupil on the
surface oif specimen 107. The aperture({s) of the selectable
illumination apertures 104 may be formed by any suitable
device including, but not limited to a mechanical pin-hole,
a spatial light modulater {(8LM}, an apodizer, and any other
beam forming and controlling component or sub-systemn,
[00Z29] Illumination beam gsplitter 105 directs a portion of
the collimated illumination light to obijective 106 and

) [ p'u CcoO _l_l < L
light to intensity monitor 108. In some emk
intensity monitc 108 is communicatively cou

computing system 130 and provides an indica
overall illumination intensity, the illumin:

profile; or both, to computing system 130.
directs illumination light to the surface o

ot
forn ity

specim

over a broad range of angles of incildence. TLight
reflected, diffracted, and scattered from the surface of
specimen 107 is collected by cbjective 106 and passes
through collection beam splitter 110. A portion of the
collected light is directed through a field detection path,
while another portion of the collected light i1s directed
through a pupil detecticon path. Illumination beam splitter
105 and collection beam splitter 110 may include any
suitable beam splitting element including, but not limited
to, a cubic beam splitter, a metallic coating plate, a
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dichroic optical coating plate, or other beam splitting
mechanism,
(00307 The field detection path incliudes a selectalble

field collection aperture 111, focusing field optics 112,

and at least one field detector. In some embodiments, the
calamtarhla £4a71 ~T T At B e 4 T 1Al o ant ~F
selectable field collection aperture 111 includes a set of

field stops to select signals for projection onto field

[u.Y

signal detectors 113 or 114. In some examples, higher

order field signals are selected for projection onto field
signal detectors 113 or 114. The aperture{s) of the
selectable field collection aperture 111 may be formed by

mechanical pin-hole, & spatial light modulator (SLM}, an
apodizer, and any other beam forming and controlling
component or sub-system.

[0031] In the embodiment depicted in FIG. 1, system 100

field detector 113. A flip-in mirror mechanism 120 1s

selectively located in the field detection path based on a
command signal (not shown) received from computing systen

130, In one configuration, flip-in mirror mechanism 120 is

located in the field detection path and the collected light
is directed to field imaging detector 114. In another

in mirror mechanism 120 is located

(.
P.J
e}
o]

"~
)
i...
P

T
i..l

directed Toward spectroscopic field detector 113. In this
manner, system 100 is configured to perform elther image-

based or spectrcoscopic based field measuremsnts. In one

cmbodiment, field imaging detector 114 images a portion of

the wafer surface illuminated by the 1llumination source
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[0032] The pupil detection path includes a selectable
pupil collection aperture 118, a selectable narrow band

pass filter 115, and pupil relay optics 116 that direct the

embodiments, the selectable pupill collection aperture 1138
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a stops to select signals for
projection onto pupil signal detecter 117. In some
examples, higher order pupil signals are selected for
projection onto pupil signal detector 117. The aperture(s)

of the selectable pupil collection aperture 118 may be

formed by any suitable device
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a mechanical pin-hole, a spatial light modulator (S1M}, an
apodizer, and any other beam forming and controlling
omponent or sub-sysltem.

[0033] In the depicted embodiment, pupil detector 117 is
an imaging detector. However, in some other embodiments,
pupil detector 117 is a spectroscopic detector. In

the pupil detection path may include one or more
pupil detectors configured to collect pupil data
gimultanecusly or sequentially.

[0034] As described herein, the pupil images detected by

pupil imaging detector 117 or the field images detected by

Y ent
arameters of interest directly based con an image based SRM
model, or indirectly, based on a measurement signal
synthesis model, as described herein. In one embodiment,

used for measurement of parameters of interest. Exemplary
parameters of interesi include any of a critical dimension

{(CD} parameter, an overlay parameter, a focus parameter, a

ot
H
o
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dose parameter, a s re asymmetry parameter, a

10
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structure roughness parameter,
{D3A) pattern uniformity

etc.

[C035]

depl
includes a polarizer 103 in the
analyzer 109 in the collection

I...\
<
0

is rotating

=

polarize

or not,

PCT/US2016/048767

irected self

assembly

a pltch walk parameter,

cted in FIG, 1, system 100
iliumination path and an

path. Depending on whether
system 100 may be

configured to perform spectroscopic reflectometry (SR)
measurements or spectroscopic ellipsocometry (SE)

system

selectlvely configured to perform SR or SE measurements.,
[0036] In addition, system 100 includes z measurement
davice (e.g., encoder 125} configured to measure tThe
position of specimen 107 relative to tThe optical system in
the direction perpendicular to the surface of specimen 107
{i.e., z-direction depicted in coordinate frame 126}. 1In
this manner, encoder 125 provides an indicaticon of the
focus pesition of specimen 107 relative Lo the coptical
system. Pupil signals 123 and field signals 121 or 122 can
be collected zlcong with an indicaticon of focus position 124
for analysis by computing svystem 130. Rased on an estimate
of focus position, computing system 130 communicates
command signals to either a wafer positioning system (not
shown} or an optical positioconing system (not shown) to
adjust the focus position of specimen 107 relative to the
optical system. 1In this manner, the focus position of
specimen 107 is monitored and adiusted during image
acguisition. In some other examples, image data 1is
collected while moving the focus position of specimen 107

incrementally or contin

[0037] Traditicnally, model ba
parameters of interest are

11

-imaging
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measurement data (e.g., spectral data collected by detector

CD measurement model incliuding a parameterization of a

netrology target in fterms of the CD parameter of interest,

parameterization of the measur

(D

ment tool itself (e.g.,

slabbing, Rigeorous Coupled Wave Analysis (RCWA), etc.) are
carefully performed to avoid introducing excessively large

errors. Discretization and RCWA parameters are defined,

[0038] Machi
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characterize the metrology tool itsgelf. Exemplary machine
parameters include angle of incidence {AQ0Il), analyzer angle

(A0}, polarizer angle (PO), illumination wavelength,

perture (NA), etc. Specimen parameters (Pgpecimen)

[0039] For measurement purposes, the machine parameters of

fthe multi-target model are treated as known, fixed

model, or a subsel of specimen paramelers, are treated as
P ol oy e . ~ e il ol TR U ey m AN et e e o
unknown, flcoating parameters. The floating parameters are

solved by a fitting process {e.g., regression, library

he unknown

match between the model outpul values and the measured

values. Performing measurements in this manner 1s

12
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information content present
d into estimated values of

structural parameters of interest. An image-based signal
response metrology (SRM) model 1s trained based on
measured, image-based training data (e.g., images collected
from a Design of Experiments (DOE) wafer) and corresponding
reference measurement data. The trained, image-based
measurement model is then used to calculate values of cne
or more parameters of infterest directly from measursed image
data collected from other wafers. The frained, image-based
SRM models described herein receive image data directly as
input and provide estimates of values of one or more
parameters of interest as output. By streamlining the
measurement process, the predictive resulls are improved
along with a reduction in computation and user time.

(00411 Ry using only raw image data to create the image-
based measurement model, as described herein, the errors

an pproximations assocliated with traditional image based
metrology methods are reduced. In addition, the image-
based measurement model is not sensitive to systematic
arrors, asymmetries, etc. because the image-based
measurement model is trained based on image data collectec
from a particular metrology system and used to perform

measurements based

nmetrology

[0042]

-
H
.

AT

model,

axisting image bas
modeling details a
No. 2014/0297211 a

on images

amples, the
an an hour.

neast

=d metrolog
re describe
nd U.5. Pat

sjrement time

image-based SRM model can be
In addition, by employing a
g reduced compared to
y methods. Additicnal
d in U.3. Patent Publication
ent Publication No.

13



WO 2017/040219

PCT/US2016/048767

2014/0316730, the subje matter of each are Iincorporated
herein by reference in their entirety.

[00432] In general, the methods and systems described herein
analyze each image as a whole. Instead of recognizin
individual features in the image, each pixel is considered
as an individual signal containing information about (or
gsensitive teo) structural parameters, process parameters,

e

dispersion parameters, etc.

N

[0044] ©FIG. 2 iillustrates a method 200 suitable for
imnplementation by a measurement system such as measurement
system 100 illustrated in FIG. 1 of the present invention.
In one aspect, 1t is recognized that data processing kblocks
of methoed 200 may be carried out via a pre-programmed
algorithm executed by one or more processors of compubting
system 130, or any other general purpose computing system,
It 1s recognized herein that the particular structural
aspects of measurement system 100 do not represent
limitations and should be interpreted as illustrative only.
[0045] In bilock 201, a plurality of Design Of Experiments
{DOE) measurement sites are illuminated by an illumination
source. The DCE measurement sites are located at a number
of different fields located on one or more DOE wafers.
FEazch DOE measurement site includes an instance of at least
one structure characterized by at least one parameter of
interest. The structure can be a dedicated metrology
target, device structure, grating sitructure, etc.
[00486] The parameters of interest include one or more
process parameters, structural parameters, dispersion
parameters, or layout parameters Each of the measurement
gites includes the same nominal structures at tThe same
nominal locations within each of tThe measurement sites. In
one example, a measurement sifte encompasses a field arez of
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.

a semlconducter wafer that is repeatedly constructed across
the wafer surface.

e e
encompasses a die area that is repeatedly constructed

bs J b
- o 1 pe AT - 5 3 o p Py 1- 5 o
across the waler surface. Although, each measurement site

[C047] For purposes of model training, variations of the
i

parameter (s} of interest are organized in a Design of
Experiments (DOE) pattern on the surface of a semiconductor
wafer {(2.g., DOE wafer). In this manner, the measurement

sites at different locations on the wafer surface
correspond to different values of the parameter(s) of

interest. In one example, the DOE pattern i1s a focus

-

exposure matrix {FEM) pattern. Typically, a DCE wafer

and exposure. FIG. 4 depicts a DOE waf

of measurement sites (e.qg., measurement site 161) 1
structures that exhibit wvariaticns in the parameter (s} of
interest (e.g., focus and exposure). The focus varies as a

the DOE wafer 160 in the x-

h
a
o]
@]
t
I_J
O
-]
O
Hh
}_.J
(@)
@)
63}
o
I_J
O
-]
ﬁ

directicn. The expoesure varies as a functicon of location
on the DOE wafer 160 in the y-direction.
[0048] In some embodiments, the images include device

areas. FEach pixel of a particular image of a measurement

15
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gsite represents the intensity of the collected light under
specific illumination and collection conditions,
wavelengths, polarization, etc. FIG. 5 depicts images 162-
164 of different measurement sites of wafer 160. Each
image represents an aerial view of the device structures

I T
o u

arge

measurement of the par
designed target may be
representation, maximi

nd Y

coordin

moodiments, the images include
ned to facilitate image-based
ameter{(s) of interest. A

employed to improve device

ze sensitivity to the parameter(s)

interest (focus, dose, CD), and reduce correlation to
process variation.

[0050] In the aforementicned example, the image data is
associated with a DOE wafer processed with wvariations in
focus and exposure (i.e., dose). However, in general,
image data assoclated with any variation of process
parameters, structural parametl dispersion, etc., may be
contemplated. The images of the DOE wafer should exhibit
ranges ¢f the parameter (s} of interest.

[0C51] In block 202, 1light imaged from each of the
plurality of DCOE measurement sites is detected in response
to the illuminating of each of the plurality of DOE

neasurement sites. In one example, field imaging detector
114 depicted in FIG. 1 detects light imaged from the
surface of wafer 107 at each DOE measurement site. In
another example, pupil imaging detector 117 detects light
imaged from the pupil of objective 106 at each DOE
neasurement site.,

[0052] In block 203, an image of each of the plurality of

DOE

Measi

generated. In one example, fI

16
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+

imaging detector 114 generates an image of
neasurement sites and communicates signals

of each generalted image to computing system
another example, pupll imaging detectcer 117
puplil image of each of the DCOE measurement
communicates signals indicative of each gen
image to computing system 130,

F0053] n some examples

¥y

asscociated wi

5
e
LG

o
[

polarization,
angle,

[C054]

—~ A
etc. i

°

In some other examples, nultip

measurement site

surement
assocliated

signal values are me

wavelength, of

=

r

a combinati a di

measurement

measurement

from any imaging

system, a microscope,

tunneling electron mi

.
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system

°

17

Tometer

inci

ment €

MiICroscops,

PCT/US2016/048767

each of the DOE
1y 2oy e
122 indicative
120 T

130, in
generates a
sites anc
aerated ; b
crated pupli

measurement

general,

fa
<L

)
dence,

[
s

chniqg

1verse

[

forming



WO 2017/040219 PCT/US2016/048767

[O0551 In block 204, a reference measurement value of the
at least one parameter of interest 1s estimated

at
the plurality of DOE measurement sites by a trusted

-

reference metrology system. Reference measurements are

prerformed by a reference measurement system, or combination

netrology technique, or combination of metrology
techniques. By way of non-limiting example, any of a
scanning electron microscope, an optical kased measurement
system, an x-ray based measurement system, a tunneling

electron microscopy system, and an atomic force microscopy

Y
system may be employed to perform reference measurements of
[0C58] As depicted in FIG., 1, in one example, reference

1 of parameters of interest at each DOE

15
measurement site are communicated from a reference

spectroscopic field detector 113 gensrates measurement

gignals 121 indicative of light collected from one or more

structures characterized by each parameter of interest

within each measurement site. In this example, the

5—-,

measurement signals are spectroscoplc scatterometry
signals. Computing system 130 performs a model based

neasurement {(e.g., optical critical dimensi

l_.l
@]
]
i

=
O]
¥

0
o
=
o
-
=
¥

o
f

Lo estimate the value of each parameter of interest at each

measurement site based on The detected measurement signals

is aligned with a common reference location of each
measurement site. In this manner, any particular pixel

from each image corresponds to the same location on each

18
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igned such that they match the first image of
tes a grid of pixels 165

. In scome examples, the

images 1s filtered by one or more image filters. Image

filters may be emploved for ncise reduction, conbtrast

removing or masking the edges and proximate regions. In

this manner, subsegquent image samples are taken from

procedure., The number of different image filters and the
parameters assoclated with each selected filter are chosen

to dmprove the final measurement result without undue

f
filters may be advantageous, in general, 1t is not
necessary. In this sense, image filtering is optional.

[0060] FEach image of each measurement site may include
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have any correlation with the paramsters of interest.
In another optional block (not shown), a subset of the

images 1s selected for model training and measurement. The

values assoclated with the same selected
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pixels of each of the first plurality of images are used
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[0081] FIG. 7 depicts two different groups of pixels at
different locations selected for model training and
measurement. In the depicted example, pixel groups 170,
172, and 174 correspond fto the same location on images 162,
163, and 164, respectively. Similarly, pixel groups 171,
173, and 175 correspond to the same location on images 162,
163, and 164, respectively. The measurement signals
associated with each of these pixels are used for model
training and measurement. FIG., 8 depicts a vector 176 of
measured infensity (e.g., reflectance; val sampled at

ocations il

used for model tre

Nea

S

arement.

the example depicted in FIG. 8, "I::1 s, 1s the intensity
value assoclated with pixel group 170 of age 162, ZIHLJL
is the intensity value associated with pixel group 172 of
image 163, and "I, 51 1is the intensity value associated
with pixel greoup 174 of image 164, Similarly, lIuLJm is
the intensity value assoclated with pixel group 171 of
image 162, QTHAJE is the intensity wvalue associlated with
pixel group 173 of image 163, and NIrzﬂp\ ig the intensity
value associated with pixel group 175 of image 164. 1In
this manner, vector 176 includes intensity measurement
signals from pixels groups at the same location of each
imaged measurement site.

[0062] In some examples, pixels or groups of pixels are
selected for thelr proximity to structures characterized by
the parameters of interest. In one exampl selected
pixels are assocliated with an arez arocund a structure of
interest that is five fto ten times as large as the
structure of interest. In other examples, pixel locations
are selected randomly. In some other examples, the pixel

their

measurement
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gsensitivity. In one example, the variance of measurement
signal values assoclated with each pixel location is
caliculated from the ensemble of images. The variance

assoclated with each

characterizes the measurement sensitivity at each

corresponding pixel location. Pixel locations with
relatively high variance c¢offer higher measuremnent
sensitivity and are selected for Ifurther analysils. Pixel
locations with relatively low variance offer lower
measurement sensitivity and are discarded. In some

examples, a predetermined threshold va

selected, and pixel locations with a variance that exceeds

the predetermined threshold value are selected for model

ed. In some examples, all of

this sense, pixel seleciion is optional.

(00831 In another cpticnal block (not shown), a feature

extraction model is determined based on the selected image
data. The fealture extraction model reduces a dimension of
the image data. A feature extraction model maps the
original signals to a new reduced set of signals. The

a

transformation 1s determined based on the variaticns in the
parameter (s} of interest in the selected images. FEach
pixel of each image 1is treated as an original signal that
changes within the process range for different images. The
feature extracticon model may ke applied to all of the ima
pixels, or a subset of image pixels. In some examples, The
pixels subject to analysis by the feature extraction model

are chosen randemly. In some other examples, the pixels

(J

b

subject to analysis by the feature extraction model are
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chosen due to their relatively high sensitiviify to changes
in the parameter{s) of interest. For exampl pixels that
are not sensitive to changes in the p meter (s} of
interest may be ignored.

[0064] By way of non-limiting exanple, the feature
extraction model may a principal component analysis (PCA)
model, a kernel PCA model, a non-linear PCA model, an
independent component analysis (ICA) model or other
dimensionality reduction methods using dictionaries, a
discrete cosine transform (DCT) model, fast fourier
transform {(FFT) model, a wavelet model, etc.

[0065] In a typical design of experiments, the locations on

Tthe wafer are programmed T

process parameter fo

sidewall ar h He

q

comgponents

arn image

m—
7

based

specific geometric and

(\'\TL'V‘

cus, dose, overlay, CD,

nc

and

W

el
one
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measurement
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data. In other examples, the image-based SEM model may be
implemented as a linear model, a polynomial model, a

response surface model, a support vector machines model, o
other types of models., In some examples, the image-based

measurement model may be implemented as a combination of

based on the reduced set of signals determined from the
feature extraction model and the measured reference values

- o ) - oo Ty ~AasT e
ne parameter{s) oi 1nter SICR U The model is €

that its output fits the measured reference values of

an image-based SRM model such that its cutput fits the

lues received from reference measurement sourc

-
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(
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(),
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150 or reference values calculated kased on measurement

ot

8

[

signals 121 for each DOE image of each DOE measurement s

received from field imaging detector 114 or pupll imaging
[0068] In ancther aspect, the trained image based SRM model
is employed as the measurement model for measurement of
. 3 1llustrates a method 210 suitable £

implementation by a metrology system such as metrology
1
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em 100 illustrated in FIG.
.t_.

algorithm executed | one or more processors of computing

} ply
system 130, or any other general purpose computing system.
It 1s recognized herein that the particular structural

aspects of metrology system 100 do noi represent

5
1
L

imitations and should ke interpreted as illustrative only.
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[006%] In block 211, a measurement site is il.
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accordance with the same image based metrclogy technigue,
or combination of image based metrology techniques employed

to generate the images used to train the image based SRM

he measurement site isgs a different measurement

measurement site includes an instance of at least one

93]
(ws

structure characterized by the parameter(s) of intere

[0070] In block 212, light imaged from tThe measurement site

example, puplil imaging detector 117 detects light imaged

[0071] In block 213, an image of the measurement site is
wple, field imaging detector 114
generates an image of the measurement site and communicates
the generated image To computing

gsystem 130. In another example, pupilil imaging detector 117

communicates signals indicative of The generated pupil
image to computing system 130,
(00721 In some examples, the image data is subjected fLo the

same allignment, filtering, sampling, and feature extraction

oW

teps described with reference to method 200. Although,

the use of an
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in general, 1t is not necessary. In this sense, these
steps are optional.
[C0731 In block 214, the value of at least one parameter of
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the measuremen rmined kased on the trained
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site. The image of measurement site 1s processed by the

(00741 In another block (not shown), the determined
ue(s; of the parameter(s; of interest are stored in a
memory. ror example, the parameter values may be stored

on-koard the measurement system 100, for example, in memory

132, or may be communicated {e.g., via output signal 140)

ith a model-based measurement technique at c¢ne
or more locations a field. The model-based measurement

5
1
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tLechnigue is emplovec
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measured, image-based training data (e.g., images collected
from a Design of Experiments (DOE) wafer) and corresponding
ging measurement data. n a further aspect,

a
synthetic signals are generated for multiple structures in

O
[
)
h
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ot
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locations in each imaged field. In some

examples, performing model based measurements based on the

~

synthetic signals is significantly faster than acguiring

foet
C
¢!
Q
T
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C
-

actual measurement data at esach different
[00761 FIG. ¢ illustrates a method 220 suitable for

implementation by a measurement system such as measurement
system 100 illustrated in FIG. 1 of the present invention.

n one aspect, 1t 1s recognized that data processing blocks

algorithm executed by one or more processors of computing

stem 130, or any other general purpose computing system.
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It is recognized hereln that the particular structural
aspects of measurement system 100 do not represent
limitations and should be interpreted as illustrative only.
[C077] In biock 221, a plurality of DOE measurement sites

are illuminated by an illumination source. 7T
measurement sites are localted at a number of

fields located on one or more DOE wafers. Ea
measurement site includes an instance of at le
structure characterized by at least one parame
interest. The structure can be a dedicated m
target, device structure, grating structure,

[0078] As described with reference to method

parameters of interest include one or more pr
parameters, structural parameters, dispersion
or layoul parameters. FEach of the measuremen
includes the same nominal structures at the s
locations within each of the measurement site
example, a measurement sife encompasses a Tie
semiceonductor waf that 1s repeatedly constr

a measu

ancempasses a die area thalt is repeatsedly cons
across the wafer surface. Although, each nmea
nominally includes the same structures, in re

purposes of model training, each measurement

Lt one

m

xter of

etrology

etc.

200, the
oCcess
parameters,

S . In c¢cne
1ld area of a
ucted across

rement site

structed

surement site
ality, and for

variations of various parameters (e.g., CD, sidewall angle,
height, overlay, etc.). For purposes of model ftraining,
variations of the parameter(s) of interest are organized in
a Desgign of Experiments (DCE) pattern on the surface of a
semiconductor wafer (e.g., DOE wafer) as described with
reference to method 200.

[0079] In block 222, light imaged from each of the
plurality ¢f DCOE measurement sites is detected in response
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to the illuminating of each of the plurality of DOE
measurement te In one example, field imaging detector

ancther example, pupll imaging detector 117 detects light
imaged from the pupil of objective 106 at each DOE
measurement site.

(00801 In block

™Y ohEl -,
DOE measurement

imaging detector

measurement sites and communicates signals 122 indicative

of each generated image to computing system 130. In
another example, pupil imaging detector 117 generates a
pupil image of each of the DOE measurement sifes and

communicates signals indicative of each generated pupil
image to computing system 130.
[00B1l] In some examples, a single image ¢f each measurement

ih

site 1is generated.
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single measurement value 1s a reflectance at the location
of each pixel measured by an imaging reflectometer at a

particular set of measurement system settings (e.g.,
wavelength, polarization, angle of incidence, azimuth
angle, =tc.). In some other examples, multiple images of

each measurement site are generalted, as described with

[0082] In some examples, the image data is subjected to the

)

same allgnment, filtering, sampling, and feature extraction

= - 3 - I P N P - - - I b AU T T PN |
steps described with reference to method 200. Although,
tThe use of any, or all, of these steps may be advantageous,
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parameterized structure located within sach ©

plurality of DOE measurement sifes is detecte
accordance with one or more neon—imaging o
technigques. In cone example depicted in FIG.
spectrosceopic field detector 113 detects ligh
from one or more structures characterized by
of interest within each site.
[00841 In block 225, one or more measurement

indicative of the detected light at eac

of DOE measurement sites 1s generated. In on
depicted in FIG. 1, spectroscopic field detec
generaltes measurement signal 121 indicative
collected from cne or more structures charact
parameter of interest within each measurement
this example, The measurement slgnals are spe

[0085] In block 226, a measurement signal syn

is trained. The measurement signal synthesis
the images of each of the plurality of DCOE me
sites to the one or more sets of measurement
associated with each non-imaging measurement
parameterized structure at each of the plural
measurement sites. The measurement signal

is structured to recelive image data generated
netrology system at one or more measurement s
directly determine synthetic measurement sign
with a non-imaging measurement of each
structure located within each of the pluralit
measurement sites. In some embodiments, the

28
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gsignal synthesis model is implemented as a neural network

ynomial model, a response surface model, a support
vector machines model, or other types of models. In some
examples, the measurement signal synthesis model may be
implemented as a combination of models. In some examples,
the selected model is trained based on the reduced set of

signals determined from the feature extraction model and

ui
jmy
D

O]

I_J
O

-}

als measured based on one or more non-imaging
metrology technigues. The model is trained such that its
output fits the measured signals for all the images in the

parameter variation space defined by the DOE ilmages.

[0086] As depicted in FIG. 1, computing system 130 trains

assoclated each parameterized

imaging detector 114 or pupll imaging detector 117.
[008B7] In one further aspect, the trained measurement
signal synthesis model 1s emploved to transform measured
images 1nto synthetic non-imaging based measurement signals

ased measurement

associated with cone or more model-

6]

Lechnigues. The one or more model-based measurement
techniques are emp lues of structural

parameters of interest based on the synthetic signals.
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ro088] FIG. 10 illiustrates a met

implementation by a metrology sy

5
1
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system 100 illustrated in FIG. 1 of the present invention,

In one aspect, it 1s recognized that data processing blocks
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S TN S Pt | AN oy . g ey -
of method 230 may be carried out via a

3]

re—progr ammed

T

algorithm executed by one or more processors of computing

system 130, or any other general purpose computlng system.
It is recognized herein that the particular structural
aspects of metrology system 100 do not represent

-

limitations and should be interpreted as illustrative onl

SRV

[0089] In blcock 231, a measurement site is illuminated 1
accordance with the same image kased metroliogy technigue,
or combination of image based metrolcogy techniques emploved
Lo generate the images used to train the measurement signal

.  The measurement site is a different

The measurement site includes an instance of at least cone
structure characterized by the parameter(s) of interest.
[00820] In biock 232, ilight imaged from the measurement site
is detected in response to the i1lluminating of the

neasurement site. In one example, fileld imaging detecto:r

surface of wafer 107 at the measurement site, In another

example, pupi

[0C81] In block 233, an image of the measurement site iz
e, field imaging detector 114
generates an image of the measurement site and communicates
signals 122 indicative of the generated image to computin
system 130. In another example, pupll imaging detector 117
generates a pupil image of the measurement site and

L
1

communicates signals indicative of tThe generated pupil

image to computing system 130.
[0082] In some examples, the image data is subjected to the
same allgnment, filtering, sampling, and feature extraction

steps described with reference to method 230. Although,

30
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the use of any, or all, of these steps may be advantageous,
in general, 1t is not necessary. In this sense, these
steps are opticnal.

[0083] In block 234, a set of synthetic measurement signals

assocliated with the measurement site is generated based on
the trained measurement signal synthesis model and the

image of the measurement site. The synthetic measurement
signals are assoclated with different instances of The sanme

structure (s) characterized by each parameter of interest
within each measurement site used for training of the
measurement signal synthesis model. In one example, the
synthetic measurement signals are asscociated with a
measurement performed by spectroscopic field detector 113
depicted in FIG. 1.
[00924] In block 235, a value of at least one parameter of
interest characterizing the instance of the at least one
structure at the measurement site is determined based on a
fitting of the synthetic measurement signals Lo a model of
a measurement of the measurement site in accordance with

f— 4 - A= 4
set of synthetic signals are received by computing system

based

0. Computing svys e ed
neasurement {e.qg., optical critical dimension measurement)
to e ate the value of =ach parameter of interest at each
neasurement site kased on the set of synthetic measurement
signals.

(00851 In block 236, the determined value (s} of the
parameter (s} of interest are stored in a memory. For
example, the parameter values may be stored on-board the

measurement 100, in memory 132, or may

be communica

(e.qg.,

xternal memory device.

exanmple

utput signal 140) to
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[0086] In another further aspect, values of

structures are used to train an image-based SRM model or a
measurement signal synthesis model as described herein.

The trained models are then used to

structures collected from other wafers. In these
i en iy N o = N e S i en ~ =
embodiments, the use of specialized targets is avoided. In

some other emkbodiments, metrology targets are used and the

target size can be less than 10 microns by 10 microns.

general, 1f metrology targets are used, multiple targets

can be measured from single image and the metrology target

i..(
Fh
-
o)
F
(L
o
ot

can include one structure or more than one di

[0087] Exemplary structures characterized by parameters of

interest measured in accordance with the methods and

available imaging system may be employed in accordance with
the methods and systems described herein. However, in some
examples, it 1is advantageous To employ specialized

measurement targets that exhibit high sensitivity to a
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{

some examples, measurement targets are located in the

scribe lines ¢f a semiconduchtor area. In other examples,

for training tThe image-based measuremeni model include an

elements required to arrive at a trained model.

[00100] n some examples, an optimization algorithm is
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n particular, the use of training data thait includes
images of multiple, different targets at one or more
neasurement sites enables more accurate estimation of

values of parameters of interest. In one example,
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[00102] In another further aspect, signals from multiple
targets can be processed to reduce sensitivity to process
variations and increase sensitivity to the parameters of
interest. In some examples, signals from images, oOr
portions of images, of differeni targets are subtracted
from one another. In some other examples, signals from

or portions

to a2 model, and the residuals are
use the models as described herei
signals from two different target

different targets are fit

to build, train, and

n. In one example, image
5 are subtracted to

eliminate, or significantly reduce, the effect of process
noise in each measurement result. In another example,
measurement signals from multiple targets are subtracted to
eliminate, or significantly reduce, the effect of under
layers 1n each measurement result. The use of measurement
data associated with multiple targets increases the sample
and process information embedded in the model. In general,

various mathematlical operations can be appllied between the
signals from different target images, or portions of target
images to determine image signals with reduced sensitivity
To process variaticons and increased sensitivity to the
parameters of interest.
[00103] In another further aspect, measurement data derived
from measurements performed by a combination of muitiple,
different measurement techniques 1s collected for model
building, training, and measurement. The use of
measurement data associated with multiple, different
easurement Lechnigues increases the information content in
the combined set of signals and reduces the correlation to
process or other parameters variations. Different
neasurement sites may be measured by multiple, different
measurement techniques to enhance the measurement
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angle x-ray scatltering (GISAXS), wide angle x-ray

U

scattering (WAXS), x-ray reflectivity (XRR), x-ray

fr’
63}

diffraction (XRD), grazing incidence x-ray diffraction

I
i
>
e,
.
~

oy
l..l
O
oed
.

]
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w0

egolution x-ray diffraction (HRXRD), x-ray

photoelectr:

'-<
19
-
o

specltroscopy (XP3), x-ray [lucrescence (XRF),

grazing incidence x-ray Tluorescence (GIXRF), x-ray
tomography, X-ray ellipsometry, scanning electron

microsceopy, tunneling electron microscopy, and ateomic force

microscopy. Any of the aforementioned metrology technigues

measurement system, or combined into an integrated

accordance with the methods described herein may be

collected from multiple tools, rather than one tool

integrating multiple technologies.
[00107] In another further aspect, signals measured by
multiple metrologies can be processed to reduce sensitivity

CO Process varlia
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parameters of interest. In some examples, si
images, or portions of images, of targets measured by
different metrologies are subtracted from one another. In

es, sSignals from images, or portions of

;-

images, of targets measured by different metrologies are

.

and use the image-based measurement model as described
herein., In one example, image signals from a Ltarget

measured by two different metrologies are subtra

mathematical operations can be applied between the signa

of target images, or porticns of target images, measured by
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sensitivity to the parameters of interest.
[00108] In general, image signals from multiple targets

each measured by multiple met

rolo tLechniques Increases

gy

the information content in the combined set of signals anc
reduces the overlay correlation to process or other
parameters variations.

[00108] In another further aspect, image data and non-
imaging data may be collected from measurement targets such
as dedicated metroclogy targels, device structures, or proxy
structures found within the fields or die areas on tThe

wafer, or within scribe lines.

[00110] In some examples, the measurement methods described
herein are inmplemented as an element of a SpectraShape®
optical critical-dimension metrology system available from
KLA~-Tencor Corporation, Milipitas, California, USA.

[00111] In some other examples, the measurement methods
described herein are implemented off-line, for example, by
a computing system implementing AcuShape® software
avallable from KLA-Tencor Corporation, Milpitas,
California, USA.

[00112] In vet another aspect, the measurement results
described herein can be used to provide active feedback to
a process tool (e.g., Lithography tocl, etch tool,
deposition tool, etc.). For example, values of overliay
aerror determined using the methods described herelin can be
communicated to a lithography tocl to adjust the
lithography system to achieve a desired output. In a
similar way etch parameters (e.g., etch time, diffusivity,
etc.) or deposition parameters (e.g., time, concentration,
etc.) may be included in a measurement model to provide
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[0C118] It should be recognized that The various steps

described throughout the present disclosure may be carried
out by a single computer system 130 or, alternatively, a
tiple computer system 130. Moreover, different

subsystems of the system 100, such as tThe scatterometer and

5
1
L

the beam profile reflectometer, may include a computer
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the one or more computing systems 130 may be configured to

perform any other step{s) of any ¢f the method embodiments

any manner known in the art. For example, the one or more

computing systems 130 may be coupled to computing systems

deltectors of system

example, the detectors may be controlled directly by a
oup

gsingle computer system < led to computer system 1
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13¢ of the metrology system 100

may be configured to recelive and/or acouire dalta oy

[
I“*

iformation from the subsystems of the system (e.9.,

(J

etectors 113, 114, and 117, and the like) by a

transmission medium that may include wireline and/or

wireless portions. In this manner, the transmission medium
may serve as a data link between the computer system 130

to receive and/or acquire data or information (e.qg.,
measurement results, modeling inputs, modeling results,

N

etc.) from cother systems by a fLransmission medium that may
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include wireline and/or wireless portions. In This manner,
the transmission medium may serve as a data link tween
the computer system 130 and other systems {e.g., memory on-
board metrology system 100, external memcry, o©or other
external systems). For example, the computing system 130
may be configured to receive measurement data from a

age medium {i.e., memcry 132 or an external memory) via
a data link. For instance, spectral measurement results

obtained using spectrometer 113 may be stered in a

rmanent memory device {e.g., memory 132

ed from on-bocard memory or from an

system, workstation, image computer, parallel processor, or
any other device known in the art. In general, the term
“computing system” may be broadly defined to encompass any
device having one or more processcors, which execute

rom a menmocry medium.

n
[00123] Program instructions 134 implementing methods such

Lransmission medium such as a wire, cable, or wireless
transmission link. For example, as illustrated in F
program instructions 134 stored in memory 132 are

tLransmitted to processor 121 over bus 133. Program

nstruc
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{e.g., memory 132). Exemplary computer-readable media
include read-only memory, a random access memory, a
magnetic or optical disk, or a magnetic tape.

001247 As described herein, the term “critical dimension”
includes any critical dimension of a structure (e.g.

14

dimension, middle critical dimension, top

critical dimension, sidewall angle, grating height, etc.),
a critical

dimension between any two or more structures
1

between two or more structures (e.g., overlay displacement

between overlaying grating structures, etc.). Structures

=
Q
~
P.J

include three dimensional structures, patterned

structures, overlay structures, etc.

[00125] As described herein, the term “critical dimension

pplication” or “critical dimension measurement

¢

application” includes any critical dimension measurement.
[001286] As described herein, the term “metrology system”

includes any system employed at least in part to

characterize a specimen in any aspect, including

neasurement applications such as c¢ritical dimension

metrology, overlay metrology, focus/dosage metrology, and

Compos: ition metrol oJdy . H owever, such terms of art do not
Timit the scoop AF the farm Wi trology sveltem” as de scribed
L1MmMLT The SCOpe 0L The Term e \,_n_.Q._n_.JQ_y syastem as gcescriped

herein. In addition, the metrclogy system 100 may be
configured for measurement of patterned wafers and/or

unpatterned wafers. The meifrology system may be configured
as a LED inspection tool, edge inspection tool, backside
inspection tool, macro-inspection tool, or multi-mode

spection tool (involving data from one or mor

0]

3 '\t--v:ro R
CLaltiorms

£

that benefits from the calibration of system parameters
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[00127] Various embodiments are described herein for a

5—-,

semlconductor processing system {(e.g., an inspection system
or a lithography system); that may be used for processing a

r
[ Tl o |3 PR [ T ey i : S -~ p
specimen. The term "specimen” 1is used herein to refer to a

wafer, a reficle, or any other sample that may be processed

[ ¢ ' N [P R R At Fonr o NefF oo N S = I
{e.g., printed or inspected fTor defects) by means known in

(001281 As used herein, the ferm "wafer" generally refers

to substrates formed of a semiconductor or non-

semlconductor material. Examples include, but are not
limited to, monocrystalline silicon, gallium arsenide, and

indium phosphide. Such substrates may be commoniy found

[

i

and/or processed in semiconductor fabrication facilities.
In some cases, a wafer may inciude only the substrate
{i.e., bare wafer). Alternatively, a wafer may include one

or more layers of different materials formed upon a

vatterned” or "unpatterned.” For example, a wafer may
include a plurality of dies having repeatable pattern
features.

[00128] A "reticle™ mav be a reticle at any stage of a

reticle fabrication process, or a completed reticle that

in a pattern. The substrate may include, for example, a

step of a lLithography process such that the pattern on the

reticle may be transferred to the resist.
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ROM, EEPROM, CD-ROM or other coptical disk storage, magnetic
disk storage or other magnetic storage devices, or any
other medium that can be used to carry or store desired
program code means in the form of instructions or data
structures and thal can be accessed by a general-purpose or
special-purpose computer, or a general-purpose or special-
purpose processcr. Also, any connection 1s properly termed
a computer-readable medium. For example, if the software
ls transmitted from a website, server, or other remote
source using a ceoaxial cable, fiber optic cable, twisted
pair, digital subscriber line (DSL), or wireless
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5

)

teChﬂOmOQleT SUCh as 1Inire
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red, radio, and microwave, tThen

{
-

the coaxial cable, fiber optic cable, twisted pair, DSI or

technologies such as infrared, radio, and

{
C
n
ct

microwave are included in the definition of medium. Disk

LT .
- 3 I3 e e . I Yo RN N - SR
and disc, as used herein, includes compact disc (CD)

~N e s A~ ] N P R R T T e I w e~ L TYUTYY
disc, optical disc, digital versatlle disc (DVD)

a
3 e -4 T 4 3 ey o . - SO T o , Sy ] I A
lasers. Combinatiocons of tThe above should aisc be included

within the scope of computer-readable media
[00132] Although certain specific embodiments are described
akbove for instructiconal purpceses, the teachings ¢f this

patent document have general applicability and are not

limited to the specific embodime

1ts described above.
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combina
~mbodiments can be practiced without devarting from the

scope of the invention as set forth in the claim
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What is claimed is:
1. A system comprising:
at least one illumination source configured to
illuminate & plurality of Design Of Experiments (DOE)
neasurement sites located at a plurality of fields of one
or more DOE wafers, wherein each DOE measurement site
includes an instance of at least cone structure
characterized by at least one parameter of interest;
at least one imaging detector configured to detect
light imaged from each of the plurality ¢f DCE measurement
sites and generate an i1mage of each of the plurality of DOE
neasurement sites;
a refaerence measurement system configured to estimate
a reference value of the at least cne parameter of interest
at each of the plurality of DOE measurement sites; and
a computing system configured to:
receive the images of each of the plurality of
DOE measurement sites and the reference value of the
at least one parameter of interest at each of the
plurality of DOE measurement sites; and
train an image based signal response metrolcgy
(SRM) model that relates an image of a asurement
site including an instance of the at lesast one
structure Lo a wvalue of the al least cone paramelter of
interest of the at least one structure based on the
image of each of the plurality of DOE measurement
sites and the corresponding reference value of the at
least one parameter of interest at each of the
plurality of DOE measurement sites.
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2. The system of Claim 1, wherein the illumination
scurce 1s further configured to illuminate a measurement
site different from any of the DOE measurement sites,
wherein the measurement site includes an instance of the at
least one structure characterized by The at least one
parameter of interest;

wherein the imaging detecteor is further configured to
detect light imaged from the measurement site and generate
an image of the measurement site indicative of the detected
light,

wherein the computing system is further configured to:

receive the image of the measurement site;

determine

a value of the at least one parameter of

+

nterest characterizing the instance of the at least

one structure at the measurement site based on the

trained image kased SEM model and the image of the
measurement site; and

store the value of the at least one parameter of
interest in a memory.

3. The system of Claim 2, wherein a measurement signal
value 1s assoclated with each pixel of each image of each
of the plurality of DOE measurement sites and the
measurement site, and wherein the image of the measurement
site is derived from measurements performed by The same
measurement technigue or combination of measurement
techniques at each image of each of the plurality of DOE

measurement sites.

7\/{‘1 em

configur

of Claim 2, wherein the computing system
ed to:
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extract features from each image of each of the
plurality of DCOE measurement sites with a feature
extraction model that reduces a dimension of esach of the
images, wherein the training of the image based SRM model
5 based on the features exifracted from ch image of each
of the plurality of DOE measurement sites and the
corresponding reference value of the at least one parameler
of interest at each of the plurality of DOE measurement
sites; and

extract features from the ilmage of tThe measurement
site with the feature extraction model, wherein the
determining of the value of the at least one parameter of
interest is based on the trained image based SRM model and
The features extracted from the image of the measurement
site.

5. The system of Claim 4, wherein the feature
extraction model is any of a principal component analysis
(PCA) model, an independent component analyvsis (ICA} model,
a kernel PCA model, a non-linear PCA model, a fast Fourier
transform (FFT) model, a discrete cosine transform (DCT)
nodel, and a wavelet model.

6. The system of Claim 1, wherein the plurality of
Design Of Experiments (DOE) measurement sites includes a
variation in value of the at least one parameter of
interest.

7. The system of Claim 1, where the at least one
parameter of interest is any of a critical dimension (CD)
parameter, an overlay parameter, a focus parameter, a dose
parameter, a structure asymmeliry parameter, a structure
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K

. he system of Claim 1, wherein each DOE measurement
site includes any of a metrology Targel, a periocdic grating
structure, and a device structure.

9. The system of Claim 1, wherein the at least one
structure is any of a line-space grating structure, a
FinFET structure, a SRAM memory a FLASH memorvy
structure, and a DRAM memory struchture.

10, The svystem of Claim 1, wherein the reference
measurement system is any of a scanning electron
microscope, an optical based measurement system, an xX-ray
based measurement system, a tunneling electron microscopy
system, and an atomic force microscopy system,

11, The system of Claim 1, wherein the at least one
parameter of interest is any of a process parameter value,
a structural parameter value, a dispersion paramefer value,
and a layout parameter value.

12, The system of Cilaim 1, wherein the image based SRM
model 1s any of a linear model, a polynomial mnodel, a
neural network model, a support vector machines model, a
decision tree model, and a random forest model.

13. The svstem of Claim 1, wherein each image of each
T the plurality of DOE measurement sites includes an image
or combination of images acguired by one or more different

metrology techniques.
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the at least one structure characterized by the at least
one parameter of interest;

wherein the at least one imaging detector 1s further
configured to detect light imaged from the measurement site
and generate an lmage of The measurement site indicative of
the detected light,

wherein the computing system is further configured to

receive the image of the measurement site;

e ey
a5s50C

[wa

image

generate a selt of synthelic measurement signals
iated with the measurement site based on the
rained measurement signal synthesis model and the
of the measurement site;
determine a value of the at least one parameter of

interest characterizing

16. The

measurement
a

technique,

any combinat

17, The system of Claim
system 1s further configured
extract features from e
plurality of DOE measurement
extraction model that reduce

images, wher

system of Clain
ftechnigue is a m
model kased opt

ia)

io

e

the

e at
etic

Measuremn

the mea

therectf.

the instance of the at least
surement site based on fitting

gignals to a model of a
urement site in accordance with

cechnique; and
the at least one parameter of
15, wherein the non-imaging
wodel based x-ray metrology

ical metrology technigque, or
14, wherein the computing
to:

ach image of each of the
sites with &

s a dimension of each of the

ent signal synthesis model
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relates the featur extracted from each of the images of
each of the plurality of DOE measurement sites to the one
or more measurement signals associated with each of the

A R T T £ Ty . o , o~ e e o J
plurality of DOE measurement sites; and

€

extract features from the image of the meas: ent

extraction model, wherein the

assoclated with the measurement site is based con the
trained measurement signal synthesis model and the features

extracted from the image of the measurement site

Parameteaer an overlay parameter, a focus parameter a GoS
b ; Y o L b

uniformity parameter, and a pitch walk parameter.

.

scattercomeltry measurement system and an x-

sCatt’,rcnet'fy neasurement s.yst“em

2¢, A method comprising:

illuminating a plurality o

h

(DOE) measurement sites located at a plurality of fields of
one or more DOE wafers, wherein each DOE measurement site
includes an instance of at least one structure
characterized by at least one parameter of interest:
detecting light imaged from each of the plurality of
DOE measurement sites in response to the illuminating of

each of the plurality ¢f DCE measurem=snt sites;
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measurement site, and wherein the image of the measurement
ed from measurements performed by the same
neasurement technigue or combination of measurement

techniques as each image of each of the plurality of DOCE

extracting features from each image of each of the
prlurality of DOE measurement sites with a feature

extraction model that reduces a dimension of

D
Q
O]
.y
N
-
[t
I
a3
o

images, wherein the training of the image based SRM mode

5
H
AL

is pased on the features extracted from each image of each

)
of the plurality of DOE measurement sites and the

corresponding reference value of the at least one parameter

[

of interest at each of the plurality of DOE measurement
sites; and

extracting features from the image of The measurement
site with the feature extraction model, wherein the
determining of the value of the at least one parameter of
interest is based on tThe trained image kased SRM model and
the features extracted from the image of tThe measurement

24, A method comprising:

e

1
)
\IA
bt
P
pNey
s
-
-~
L
b
3
]
%
o~
@
@
~
.
=
=
@
—
o
i
%)

-~

illuminating a plurality of
{DOE) measurement sites locate

4 —
[= U :'}_3

one or more DOE wafe

S
0
N

wherein each DOE measurement site
includes an instance of at least one structure

characterized by at least one parameter of interest;
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detecting light imaged from each o

|
I
L
h
ot
bt
i)
0]

DOE measurement sites in response to the illuminating of

the plurality ¢f DCE measurement sites;

generating an image of each

O
ry
,—r
-
D
T
,.J
&
[
o)
,.J
O
h
(]
O

measurement sites;

training a measurement signal synthesis model that
relates the images of each of the plurality of DOE
measurement sites to the one or more measurement signals

assoclated with each of the plurality of DOE measurement

pete
[

25. The method of Claim 24, further comprising

ing

[
-
[
«
=
[
=
|’“
s
1

g a measurement site different from any
fthe DOE measurement sites, wherein the measurement site

includes an instance of the at least one structure
characterized by the at least one parameter of interest;

detecting light imaged from the measurement site in

Lo
<
)
-t
e
_‘
=
o
-
2
M
[0}

response to the illuminating of the measurement site;

of the detected light;

@]

generating an image of the measurement site indicati

plurality of

h

generating a set of synthetic measurement signals
asscocliated with tThe measurement site kased on the trained

measurement signal synthesis model and the image of the

measurement site; and

determining a value of the at least one parameter of

5

interest characterizing the instance of the at least one

=
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structure at the measurement site based on fitting of the

L

model of a measurement

w

synthetic measurement signals to
cordance with the non-imaging

ast one parameter of
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280

201 ™~

ILLUMINATE A PLURALITY OF DESIGN OF EXPERIMENTS (DOE) MEASUREMENT
SITES LOCATED AT A PLURALITY OF FIELDS OF ONE OR MORE DOE WAFERS,
WHEREIN EACH DOE MEASUREMENT SITE INCLUDES AN INSTANCE OF AT LEAST
ONE STRUCTURE CHARACTERIZED BY AT LEAST ONE PARAMETER OF INTEREST

A

202 ™1

DETECT LIGHT IMAGED FROM EACH OF THE PLURALITY OF DOE MEASUREMENT
SITES IN RESPONSE TO THE ILLUMINATING OF EACH OF THE PLURALITY OF DOE
MEASUREMENT SITES

4

203 7™~

GENERATE AN IMAGE OF EACH OF THE PLURALITY OF DOE MEASUREMENT SITES

A

2047

ESTIMATE A REFERENCE MEASUREMENT VALUE OF THE AT LEAST ONE
PARAMETER OF INTEREST AT EACH OF THE PLURALITY OF DOE MEASUREMENT
SITES

4

205 ™

TRAIN AN IMAGE BASED SIGNAL RESPONSE METROLOGY (SRM) MODEL BASED ON
THE IMAGE OF EACH OF THE PLURALITY OF DOE MEASUREMENT SITES AND THE
CORRESPONDING REFERENCE VALUE OF THE AT LEAST ONE PARAMETER OF
INTEREST AT EACH OF THE PLURALITY OF DOE MEASUREMENT SITES, WHEREIN
THE IMAGE BASED SRM MODEL RELATES AN IMAGE OF A MEASUREMENT SITE
INCLUDING AN INSTANCE OF THE AT LEAST ONE STRUCTURE TO A VALUE OF THE
AT LEAST ONE PARAMETER OF INTEREST OF THE AT LEAST ONE STRUCTURE

FIG. 2
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210

ILLUMINATE A MEASUREMENT SITE DIFFERENT FROM ANY OF THE

oy DOE MEASUREMENT SITES, WHEREIN THE MEASUREMENT SITE
INCLUDES AN INSTANCE OF THE AT LEAST ONE STRUCTURE

CHARACTERIZED BY THE AT LEAST ONE PARAMETER OF INTEREST

h:

212~ DETECT LIGHT IMAGED FROM THE MEASUREMENT SITE IN
RESPONSE TO THE ILLUMINATING OF THE MEASUREMENT SITE

¥

513~ GENERATE AN IMAGE OF THE MEASUREMENT SITE INDICATIVE OF
THE DETECTED LIGHT

v

DETERMINE A VALUE OF THE AT LEAST ONE PARAMETER OF
INTEREST CHARACTERIZING THE INSTANCE OF THE AT LEAST ONE
214 .4 STRUCTURE AT THE MEASUREMENT SITE BASED ON THE TRAINED
IMAGE BASED SRM MODEL AND THE IMAGE OF THE MEASUREMENT

SITE

FIG. 3
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220

2271

ELLUMINATE A PLURALITY OF DESIGN OF EXPERIMENTS (DOE) MEASUREMENT
SITES LOCATED AT A PLURALITY OF FIELDS OF ONE OR MORE DOE WAFERS,
WHEREIN EACH DOE MEASUREMENT SITE INCLUDES AN INSTANCE OF AT LEAST
ONE STRUCTURE CHARACTERIZED BY AT LEAST ONE PARAMETER OF INTEREST

h:d

222 7

DETECT LIGHT IMAGED FROM EACH OF THE PLURALITY OF DOE MEASUREMENT
SITES IN RESPONSE TO THE ILLUMINATING OF EACH OF THE PLURALITY OF DOE
MEASUREMENT SITES

¥

223 ™

GENERATE AN IMAGE OF EACH OF THE PLURALITY OF DOE MEASUREMENT SITES

h:d

224 ™

DETECT LIGHT COLLECTED FROM EACH OF THE PLURALITY OF DOE
MEASUREMENT SITES IN ACCORDANCE WITH A NON-IMAGING MEASUREMENT
TECHNIQUE

¥

225 ™~

GENERATE ONE OR MORE MEASUREMENT SIGNALS INDICATIVE OF THE
DETECTED LIGHT AT EACH OF THE PLURALITY OF DOE MEASUREMENT SITES

¥

226 ~~d

TRAIN A MEASUREMENT SIGNAL SYNTHESIS MODEL THAT RELATES THE IMAGES
OF EACH OF THE PLURALITY OF DOE MEASUREMENT SITES TO THE ONE OR
MORE MEASUREMENT SIGNALS ASSOCIATED WITH EACH OF THE PLURALITY OF
DOE MEASUREMENT SITES

FIG. 9
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230

ELUMINATE A MEASUREMENT SITE DIFFERENT FROM ANY OF THE
DOE MEASUREMENT SITES, WHEREIN THE MEASUREMENT SITE

2317 INCLUDES AN INSTANCE OF THE AT LEAST ONE STRUCTURE
CHARACTERIZED BY THE AT LEAST ONE PARAMETER OF INTEREST
¥
539 ] DETECT LIGHT IMAGED FROM THE MEASUREMENT SITE IN
RESPONSE TO THE ILLUMINATING OF THE MEASUREMENT SITE
'
GENERATE AN IMAGE OF THE MEASUREMENT SITE INDICATIVE OF
233 THE DETECTED LIGHT

¥

GENERATE A SET OF SYNTHETIC MEASUREMENT SIGNALS

FB4 ] ASSOCIATED WITH THE MEASUREMENT SITE BASED ON THE

TRAINED MEASUREMENT SIGNAL SYNTHESIS MODEL AND THE
IMAGE OF THE MEASUREMENT SITE

¥

DETERMINE A VALUE OF THE AT LEAST ONE PARAMETER OF
INTEREST CHARACTERIZING THE INSTANCE OF THE AT LEAST ONE
o5~ STRUCTURE AT THE MEASUREMENT SITE BASED ON FITTING OF

THE SYNTHETIC MEASUREMENT SIGNALS TO A MODEL OF A
MEASUREMENT OF THE MEASUREMENT SITE IN ACCORDANCE
WITH THE NON-IMAGING MEASUREMENT TECHNIQUE

%

STORE THE VALUE OF THE AT LEAST ONE PARAMETER OF
INTEREST IN A MEMORY

236

FIG. 10
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