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SIGNAL RESPONSE METROLOGY BASED ON MEASUREMENTS OF
PROXY STRUCTURES

CROSS REFERENCE TO RELATED APPLICATION
[0001] The present application for patent claims priority under 35 U.S.C.
§119 from U.S. provisional patent application serial number 82/021,659, entitled
"Metrology and Method to Control Process Parameters 1o improve
Semiconductor Device Yield and Edge Placement Errors,” filed July 7, 2014, the
subject matter of which is incorporated herein by reference in s entirety.

TECOHNICAL FIELD
[Gon2} The described embodiments relate to metrology systems and
methods, and more particularly to methods and systems for improved

measurement of semiconductor structures.

BACKGROUND INFORMATION
[o003] Semiconductor devices such as logic and memory devices are
typically fabricated by a sequence of processing steps applied {o a specimen.
The various features and multiple structural levels of the semiconductor devices
are formed by these processing steps. For example, lithography among others is
one semiconductor fabrication process that involves generaling a pallernon a
semiconductor wafer. Additional examples of semiconductor fabrication
processes include, but are not limited to, chemical-mechanical polishing, etch,
deposition, and ion implantation. Mulliple semiconductor devices may be
fabricated on a single semiconductor wafer and then separated into individual
semiconductor devices,
[0004] Most advanced logic and memaory devices fabricated at
semiconductor device fabrication nodes below 20 nanometers are constructed
using muttiple patteming processes. Exemplary multiple patterning processes
include self-aligned double patterning (SADP), self-aligned triple patterning
{SATP), and self-aligned quadruple patterning {(SAQP) technigues.
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[0008] In one example, a SAQP fin formation process achieves a targst
pitch that is one-quarter of the pitch obtainable with conventional singie pattern
fithography. in one example, at least fourteen steps are required to generate the
fin structures. These steps include lithography, sich, and strip steps that must be
precisely controlled to realize the fin structures with the desired pitch and profile.
The final pitch values and fin profile {e.g. CD, SWA) achieved by the SAQP fin
formation process are impacted by structural parameter values from previous
steps (e.q., resist profile parameters, spacer film thicknesses, and others).
[o008] Metrology processes are used at various steps during a
semicanductor manufaciuring process to detect defects on wafers {o promote
higher vield. Optical metrology technigues offer the potential for high throughput
without the risk of sample destruction. A number of optical metrology based
techniques including scatterometry and reflectometry implementations and
associated analysis algorithms are commonly used o characterize crifical
dimensions, film thicknesses, composition, overlay and other paramaeters of
nanoscale structures.

[0007] In some examples, optical critical dimension (CD) and film
metrologies (spectroscopic or angle-rescived) are employed to monitor structural
parameter values during multiple patterning processes to ensure that structures
are fabricated having the desired pitch and profile. However, optical CD and film
metrologies suffer from lack of sensitivity to many structures employed in muttiple
patterning techniques, buried structures, in particular. For some structural
parameters, such as edge placement error {EPE), there is currently no high
throughput (e.g., optical} measurement solution.

[goos] In another example, optical overlay metrology is also employed, but
optical overlay measurements require specialized metrology targets to
characterize struciures fabricated by multiple patterning techniques. In existing
methods, overlay error is typically evaluated based on measurements of
specialized target structures formed at various locations on the wafer by a
lithography tool. The {arget structures may take many forms, such as a box in
box structure. In this form, a box is created on one laysr of the wafer and a
second, smaller box is created on another layer. The localized overlay error is
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measured by comparing the alignment between the centers of the two boxes.
Such measurements are taken at locations on the water where target structures
arg available.

[0009] Unfortunately, these specialized larget structures often do not
conform to the design rules of the particular semiconductor manufacturing
process being emploved to generate the elechronic device. This leads o errors
in estimation of overlay errors associated with actual device structures that are
manufactured in accordance with the applicable design rules. For example,
image-hased overlay metrology often requires the pattern to be resolved with an
optical microscope that requires thick lines with critical dimensions far exceeding
desigr rule critical dimensions. In another example, angle-resolved SCOL often
requires large pitch targets to generate sufficient signal at the +1 and -1
propagating diffraction orders from the overlay targets. In some examples, pich
values in the range 500-800nm may be used. Meanwhile, actual device pitches
for logic or memory applications (design rule dimensions) may be much smaller,
e.g., in the range 100-400nm, or even below 100nm.

[0010] FIG. 1 depicts a hardmask patfern of line structures 11 fabricated in
a static random access memory (SRAM) area 10 of a microslectronic chip. The
complex tayout of the active region is created by combining multiple patterning
techniques with cut masks. Cut masks selectively remove portions of the
hardmask layer that is usad to pattern the substrate into active regions. FIG. 2
depicls a bottom anti-reflective coaling (BARC) layer 12 and a resist layer 13
disposed on top of the pattern of line structures depicted in FIG. 1. The resist
laver is used {o selectively remove part of the hardmask pattern below the
openings 14 of the resist layer 13, As depicted in FIG. 1, the hardmask pattem
of line structures 11 is buried by the BARC layer 12, even within the openings 14
of the resist layer 13.

[0011] To provide adequate yigld for the cut mask process, reliable
measurements for profile {e.g., CD, HT, SWA) film thicknesses, and overlay are
required. A calculation of overlay reveals that it is a function of many structural
parameters from previous steps of a quadruple patterning process. The
distribution of the gap between the edge of the cut and the adjacent line
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structure, and hence the yield of the process, depends on a complex interaction
of all the process parameters.

[eo12} In another example, edge placement distance (EPD) and the
associated edge placement error (EPE) is an important parameter to monitor and
control after device electrical contacts are made. The difference between the
desired and the actual EPD is called EPE. EPD and EPE are a function of both
overlay and CD errors.

[0013] In some examples, critical dimension-scanning siectron microscopy
(CD-SEM) may be employed to measure overlay and EPE. However, most
advanced process nodes require small metrology ervors and high throughput that
are not achievable with CD-SEM tools.

[0014] In summary, semiconductor device yield at device fabrication nodes
helow 20 nanometers for logic devices and advanced DRAM, and vertical or
planar NAND devices is a complex function of many parameters, including film
thicknesses, profile parameters of patterned lines, overlay errors, and edgs
placement errors (EPE). Of these, EPE has the most demanding process window
and requires metrology and contral of CD and overlay. Currently there is no
high-throughput, optical metrology solution for EPE measurements and many on-
device overtay measurement applications. In addition, the absence of adequate
metrology makes it challenging to define control schemaes to improve device
yield,

SUMMARY
[o015] Methods and systems for estimating values of parameters of
interest of actual device structures based on optical measuremenis of nearby
metrology targets are presented herein. High throughput, inline metrology
tachniques {(e.q., optical scatterometry, imaging overiay, or other techniques) are
employed {o measure metrology targets located near actual device structures.
Measurement data collected from the metrology targels is provided to a trained
signal response metrology (SRM) model. The trained SRM model estimates the
value of one or more parameters of interest of the aciual device structure based
on the measuraments of the metrology target. Examples of parameters of
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interest include, but are not limited to, edge placement error (EPE), overlay, pilch
walk, and critical dimension (CD) of an actual device structure located in the
device area of a wafer.

[00186] in one novel aspect, the signal response metrology (SRM) model is
frained {o establish a functional relationship between measured values of
parameters of interest of actual device sfructures and corresponding
measurement data associated with measurements of at least one nearby
metrology target. In this manner, the device being characterized by the
measurement {i.e., the actual device structure) is different from the metrology
target undergoing measuremeant by the high-throughput metrology technique.
[0017] The metrology target is selected to produce optical measurement
signals with high sensitivity fo actual device parameters of interest. The training
or mapping is performed to actual device structures measured with reference
toals such as CD-SEM, CD/OVL-8AXS, AFM, or model-based optical CD., After
the mapping is performed, production wafers can be measured inline,
Measurement data collected from metrology targets is mapped to parameters of
interest of actual device structures by the trained 8RM model.

[o018} In some examples, the metrology target is separated from the
actual device structurs 1o be measured by time {(i.e., separated by one or more
process steps). The metrology target measurements and any associated
reference measurements are performed at two distinct steps in the processing
flow. The differences in the measured signals at each distinct processing step
are treated as training signails for training purposes and measurement signals for
measurement purposes. In these examples, the training sequence can use the
same or different types of targets that are separated by one or more processing
steps from the actual device structure 1o be measured. In some examples, the
metrology {argets are actual device structures in a particular process siate.
Optical measurement data collected from actual device structures in a particular
proceass state are used to train a measurement mode! as described hergin. The
trained measurement modet is then used o calculate values of structural
parameters, process parametears, or both, of actual device structres in a
subsequent process state based on optical measurement data collected from the
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same or different device structures at the same particular process state used to
train the measurement model.

[6019] The training of the SRM model is performed under a controlled
DOE (design of experiments) variation of process parameters (e.4., lithography
focus, exposure, aberration paramaeters, overlay offset, etch time, temperature,
pressure, and other local or global parameters). After training is complete, inline
optical metrology can operate in a stand-alone or integrated mode.

[0020] in & further aspedt, the trained SRM is employed to determing
corrections of process parameters to bring measured device parameter values
within specification. The corrections can be performed in real ime or on a one-
time basis.

[0021] The measurement model is trained for all measurad signals in the
process variation space defined by the DOE set. Thus, a mapping may be
determined between the process variables within the DOE process variation
space and the actual device parameters of interest measured with the reference
tool{s). A correction to one or more process parameters is determined based on
a measured value of an actual device parameter and the mapping between the
actual device parameter and the one or more process parametlers,

[0022] The trained measurement models described herein receiva optical
rmeasurement data directly as input and provide values of parameters of interest
as output, By streamilining the measurement process, the predictive results are
improved along with a reduction in computation and user time.

[0023] The foregoing is a summary and thus contains, by necessity,
simplifications, generalizations and omissions of detail; consequently, those
skilled in the art will appreciate that the summary is llustrative only and is not
fimiting in any way. Other aspects, inventive features, and advantages of the
devices and/or processes described herein will become apparent in the non-

fimiting detailed description set forth herein.

BRIEF DESCRIPTION OF THE DRAWINGS



WO 2016/007413 PCT/US2015/039202

[o024] FiG. 1 is a diagram depicting a hardmask patiem of line structures
11 fabricated in a static random access memory (BRAM) area 10 of g
microelectronic chip.

[0025] FIG. 2 is a diagram depicling a bollom anti-reflective coating
{BARC) layer 12 and a resist layer 13 disposed on top of the pattern of line
structures depicted in FIG. 1.

[0026] FIG. 3 Blustrates a method 100 of training a SRM measurement
model suitable for measuring actual device structures based on measurements
of a nearby metrology target in at least one novel agpect.

[0027] FiG. 4 tustrates a method 110 of measuring actual device
structures based on measuremeants of a nearby metrology target based on a
trained SRM measurement model.

[G028] FIG. 5 depicts a metrology system 300 suitable for implementation
of method 100 depicted in FIG. 3 and method 110 depicted in FIG. 4.

[00297 FiG. 6 dlustrates a DOE wafer 180 having a grid of targets that
exhibit known vanations in overlay error in one embodiment.

[0030] FIG. 7 depicts a cross-section of a metrology target 170 measured

by an optical metrology system.

[0031] FiG. 8 depicts 3 top view of an actual device structure 120 that
includes active fields 121-124, gates 125-128, and contacis 129-140.
[o032} FiG. O illustrates a plot 150 of known values of edge placement

distance (EPD,) and the values predicted by the trainad SRM measurement
maodel for actual device structure 120 depicted in FIG. 8.

[0033] FiG. 10 iflustrates a plot 160 of the residual values of EPD, for sach
data point.

[0034] F1G. 11 depicts an diagram 190 iflustrative of data points 191 that
represent values of EPE measured by a reference measurement system for each

dosage represented in a DOE training set.
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DETARLED DESCRIPTION
[eo3s] Reference will now be made in delail to background examples and
some embodiments of the invention, examples of which are illustrated in the
accompanying drawings.
[0036] Methods and systems for estimating values of parameters of
interast of actual device structures based on optical measurements of nearby
metrology targets are presented herein. High throughput, inline metrology
techniques {e.g., optical scalteromelry, imaging overlay, or other techniques) are
employed {0 measure metrology targets located near actual device structures.
The high throughput, inline metralogy techniques typically lack measurement
sensitivity to the parameters of interest for the actual device structures, but have
sufficient sensitivity to parameters of nearby metrology targets. The optical
metrology targets are located sufficiently close 1o the actual device structures of
interest to ensure that spatial process variations do not significantly affect the
robusiness of the measurement algorithm. Measurement data collected from the
metrology targets is provided to a frained signal response metrology (SRM)
model. The trained SRM mode! estimates the value of one or more parameters
of interest of the actual device structure based on the measurements of the
metrology target. Examples of parameters of interest include, but are not imited
to, edge placement error (EPE), overlay, pitch walk, and critical dimension {(CD})
of an actual device structure located in the device area of a wafer.
(60373 it one novel aspect, the SRM {signal response metrology) model is
trained 1o establish a funclional relationship betwean measured values of
parameters of interest of actual device sfructures and corresponding
measurement data associated with measurements of at least one nearby
metrology target for a set of measurement sites. in this manner, the device being
characterized by the measurement {i.e., the actual device structure) is different
from the metrology target undergoing measurement by the high-throughput
metrology technique.
[0038] In some examples, the metrology target to be measured is spatially
separated from the actual device structure to be characterized. The mstrology
target s selected to produce optical measurement signals with high sensitivity to
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parameters of interest such as overlay or EPE. However, the training or mapping
is parformed to actual device structures measured with reference {ools such as
CD-SEM, CD/QVL-SAXS, AFM, or model-based optical CD. After the mapping
is performed, production wafers can be measured inline and measurement data
collected from metrology targets is mapped to parameters of interest of actual
device structures by the trained SRM model.

[0038] In some other examples, the metrology target is separated from the
actual device structure o be measured by time {i.e., separated by one or more
process steps). In these examples, the training sequence can use the same or
different types of targets that are separated by one or more processing steps
from the actual device structure to be measured. In some examples, the
metrology targets are aclual device structures in a particular process state.
Optical measurement data collected from actual device structures in a particular
process state are used to train a measurement model as described herein. The
frained measurement model is then used to calculate values of structural
parameters, process parameters, or both, of actual device structures in a
subsequent process state based on optical measurement data collected from the
same or different device structures at the same particular process state used to
train the measurement model.

[0040} High-throughput, optical metrology technigues often lack sensitivity
to actual device parameters such as EPE, overlay, CD, pitch walk, ete. For
purposes of training, measurements of the actual device structures are
performed by a reference metrology system that is capable of measuring the
actual device structure directly. For example, a Critical Dimension Scanning
Electron Microscope {(CD-SEM), a Critical Dimension Small Angle X-Ray
Scatterometer {CD-SAXS), an Afomic Force Microscope {AFM), etc. may be
employed o perform reference measurements of an actual device structure.
These measurement techniques are unable to be used for inline metrology due
to low throughput, high measurement uncertainty for each individual site, etc.
However, a frained SRM model that relates measurement data collected from a

nearby metrology target by a high-throughput metrology technique to parameters
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of interest of an actual device structure can be employed o provide inline
metrology of parameters of interest such as EPE, OVL, pitch walk, CD.

[6041] The training of the SRM model is performed under a controlled
DOE (design of experiments) variation of process parameters (e.4., lithography
focus, exposure, aberration paramaeters, overlay offset, etch time, temperature,
pressure, and other local or global parameters). After training is complete, inline
optical metrology can operate in a stand-alone or integrated mode.

[0042] in & further aspedt, the trained SRM is employed to determing
corrections of process parameters to bring measured device parameter values
within specification. The corrections can be performed in real ime or on a one-
time basis.

[0043] In another further aspect, the SRM model is employed to measure
process parameters of interest {e.g., focus/dose, exposure, elc.), in addition to
one or more structural parameters of interest {e.g., EPE, overlay, CD, pitch walk,
gtc.) from the same melrology targets. In these examples, the measwred,
optical-based training data also includes known values of the process
parameters of interest. In this manner, the {rained measurement model is
sensitive to these parameters of interest. Such a {rained measurement model is
gmployead to characterize both structural and progess parameters of interast.
[0044] in another further aspect, the metrology targets located on one or
more measurement sites of a DOE wafer are preferably design rule targets. In
other words, the metrology targets adhere 1o the design rules applicable to the
underlying semiconductor manufacturing process. In some examples, the
metrology largels are preferably located within the actlive die area. Insome
examples, the metrology targets have dimensions of 158 In by 15_In, or smalier.
In this manner, the impact on overlay of intra-figld variations induced by
fithographic imperfections can be analyzed. In some other examples, the
metrolagy targets are located in the scribe lines, or otherwise outside the active
die area.

[eo4s] By using raw optical measurament data to create the measuwement
model, as described herein, the errors and approximations associated with
traditional model based metrology methods are reduced. In addition, the
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measurement model s not sensitive to systematic errors, asymmelrias, el
because the measurement model is {frained based on optical measurement data
coliected from a particular metrology system and used to perform measurements
based on optical measurement data collected from the same metrology system.
[C048] The trained measurement models described herein receive optical
measurement data direclly as input and provide values of parameters of interest
as output. By streamlining the measurement process, the predictive resulls are
improved along with a reduction in computation and user tima. In some
examples, the measurement model can be crealed in less than an hour. In
addition, by employing a simpilified model, measurement time is reduced
compared to existing metrology methods.

[0047] FIG. 3 illustrates a method 100 of training 2 SRM measurement
model in at least one novel aspect. Method 100 is suilable for implementation by
a metrology system such as meirology system 300 #lustrated in FIG. b of the
present invention. In one aspect, it is recognized that data processing blocks of
method 100 may be carmed out via a pre-programmed algorithm executed by one
or more processors of computing system 330, or any other general purpose
computing system. It is recognized herein that the particular structural aspects of
metrology system 300 do not reprasent limitations and should be interpreted as
tustrative only. The training is performed at selected fime intervals or when
process change or excursion accurs. Training of the measurement modet with
data collected from a reference metrology tool is not performed on every
production wafer.

[00487 in block 101, reference measurement values of one or more
parameters of interest of one or more actual device structures measured by a
reference metrology system are received by a computing system (a.q.,
computing system 330). By way of non-limiting example, parameters of interest
of actual device structures include CD, overlay, EPE, sic.

[0049] The measurement sites probed by the reference metrology system
include actual device structures having one or more parameters of interest that
are measured by the reference metrology system. In general, the reference
measurements may be performed by one or more reference metrology systems.

11
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By way of non-limiting example, SEM, AFM, SAXS, and eleclrical measurement
systems may be used alone, or in combination {o generate the reference
measurement values. The measurement by a reference metrology system may
be performed either on device structures or on device-like structures located, e.g.
in the scribeline area, to make them more suitable for reference metrology
measurgment.

[0050] in block 102, measurement data associated with measurements of
one or more metrology targets disposed nearby the one or more actual device
structures is received by the computing system {e.g., computing system 330}.
The measurements of the metrology target(s) are performed by an optically
based metrology system (e.g., optical scatterometer, optical overlay imaging
system, etc.). In general, the metrology targets probed by the optical metrology
system exhibit sensitivity to one or more process parameters being varied as parnt
of a DOE set of metrology targets and associated actual device structures,
[0051] Variations of one or more process parameters, structural
parameters, or both, are organized in a DOE pattermn on the surface of one or
more semiconductor wafers for training purposes. in this manner, the reference
and optical measurement systems interrogate different locations on the wafer
surface that correspond 1o different values of one or more process parameters,
structural parameters, or both.

[0052} In some examples, a DOE set of metrology targets and
corresponding actual device structures is produced on a single wafer. For
example, the DOE set of metrology targets and actual device structures may be
generated by varying any one or combination of etch settings, lithography focus,
dose, aberration, and overlay settings as a funclion of incation on the surface of
a single wafer. in some examples, a DOE set of metrology targsts and
corresponding actual device structures is produced on several wafers, For
example, the impact of varniations in process paramelers that affect the entire
wafer such as deposition time, elch time, waler level lithography focus, sic. can
be explored with a set of multiple DOE wafers. In this manner, the impact on
measured optical metrology signals and actual device parameters of interest
from variations in process parameters is explored.

12
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[0083] The training targets may be provided on a separate training wafer
or on a production wafer. In some examples, the metrology targets are located in
a scribeline of a production wafer. In some other examples, the metrology
targets are located in the active die area.

[0054] In some examples, a special mask or set of masks including DOE
variations is designed to produce fraining wafers. in some other examples,
training targets can be located within production masks. In some other
examples, DOE variations are entirely controfled by the process control settings
without special masks or mask features.

[0055] in one example, the DOE pattem is a lithography overlay srror
pattern. Typically, a DOE wafer exhibiting an overlay error pattern includes a
grid pattern of measurement sites. In one grid direction {e.g., the x-direction}, the
overlay is varied in the x-direction while the overlay in the y-direction is held
constant. in the orthogonal grid direction {e.g., the y-direction}, the overlay error
in the y-direction is varied while the overlay error in the x-direction is held
constant. In this manner, reference measurement data collected from the DOE
wafer includes data associated with variations in lithography overlay settings in
both the x and y directions. FIG. 8 depicts a DOE wafer 180 having a grid of
targets (e.g., target 181} that exhibit sensitivity to variations in overlay. The x-
direction averiay errors vary as a function of location on the DOE wafer 180 in
the x-direction. The y-direction overlay errors vary as a function of location on
the DOE wafer 180 in the y-direction. In some examples, the x and y overlay
errors range from -20 nanometers o 20 nanometers. In some other examples,
the x and y overlay errors range from -80 to 80 nanometers.

[o056] In general, the oplical metrology targets are designed for printability
and sensitivity to changes in process parameters, structural parameters of
interest, or both. In some examples, the optical metrology targets are specialized
targets that are not the same type as the corresponding actual device structure.
In some embaodiments, the metrology targels are based on conventional
line/space targets. By way of non-limiting example, CD targets, S8COL targets, or
AiM targets may be employed. In some other embodiments, the metrology
targets are device-like structures. In some other examples, the optical metrology
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targets are device structures, or portions of device structures. Regardless of the
type of metrology target emploved, a set of fraining targets that exhibit sensitivity
ta the process variations, structural variations, or both, being explored must be
provided to train the measurement model. Once the model is {rained, it may be
used to perform measurements of actual device structures having unknown
values of one or maore paramesters of interest as described hergin.

[0057] In some examples, optical measurements are performed, for
example, with a spectroscopic ellipsometry (SE) tool that provides a3 broad range
of wavelengths and also information about phase delay between two
indepandent polarizations. In some examples, Mueller matrix SE may also be
employed. In some other examples, optical measurements are performed by a
wavelangth-resolved or angle-resolved reflectometer.

[0058] Optionally, in block 103, a number of principal features are
extracted from the optical measurement data based on a mathematical
{ransformation. The transformation reduces the dimension of the oplical
measurement data and maps the original signals {o a new reduced set of signals.
Each measured signal is treated as an original signal that changes within the
process range for different measurements in the set of optical measurement
data. The fransformation may be appliad to all of measurement signals, or a
subset of measurement signals. In some examples, the signals subject to
analysis are chosen randomly. In some other examples, the signals subject to
analysis are chosen due {o their relatively high sensilivity to changes in process
parameters. For example, signals that are not sensttive to changes in process
parameters may be ignored.

[o059] By way of non-limiting example, the transformation may be
achieved using any of a principal component analysis (PCA) model, a kernel
PCA model, a non-linear PCA model, an independent component analysis (ICA}
madel or other dimensionality reduction methods using dictionaries, a discrete
cosine transform {DCT) model, fast fourier transform {(FFT) model, a wavelet
model, stc.

[0060] in block 104, a measuremsent model is trained based on the optical
measurement data and the reference measurement values of one or more
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parameters of interest of the actual device structure(s) measured by the
reference metrology system. If optional block 103 is performed, the
measuremant model is trained based on the grincipal features exiracted from the
oplical measurement data and the reference measurement values of one or more
parameters of interest of the actual device structure{s) measured by the
reference metrology system, In some embodiments, the measurement model is
implemented as a neural network model. In one example, the number of nodes
of the neural network is sslected basead on the features extracted from the
fraining data. In other examples, the measurement modet may be implemented
as a linear model, a polynomial model, a response surface model, & suppott
vector machines model, or other types of models. In some examples, the
measuremant model may be implementad as a combination of models. In some
examples, the selected model is trained based on the principal features (reduced
set of signals) and the reference values. The mode! is trained such that its
output fits the reference measurement values for all the measured signals in the
process variation space defined by the set of DOE metrology targets and
corresponding actual device structures.

[o061} In this manner, the trained measurement model maps the optical
metrolagy signals measured with optical metrology tool(s) to the actual device
parameters of interest measured with the reference {ool(s).

[00&2} In a further aspect, a mapping is determined between the process
variables within the DOE process variation space and the actual device
parameters of interest measured with the reference tool{s). Since the model is
trained for all measured signals in the process variation space defined by the
DOE set, the trained measurement model can be augmented to also map the
process conditions to the actual device paramaeters of interest measured with the
reference tool{s).

[0063] in a further aspect, the measurement model can be further trained
to map the optical metrology signals measured with the oplical metrology tool(s)
to parameters of interest of the measured metrology targets that are either

measured by the reference tool{s) or are known apriori {e.g., based on a known

15



WO 2016/007413 PCT/US2015/039202

refationship between the parameter(s) of interest and the known process
paramsler valuss).

[0064] FIG. 7 depicts a cross-section of a metrology target 170 measured
by an optical metrology system, e.9. scatteromelry overlay. Metrology target 170
includes a matertal layer 171 that includes a structure 172 having a middle critical
dimension, L1-MCD. Material flayers 173 and 174 separate structure 172 from
BARC layer 175. A photoresist structure 176 having a middle critical dimension,
PR-MCD, is disposed on top of BARC layer 175, As depicted, metrology targst
170 includes L1-MCD, PR-MCD, and an overlay offset, OVL, 1o be measured.
[0085] FiG. 8 depicts a top view of the actual device structure 120 that
includes active fields 121-124, gates 125-128, and contacts 129-140. FIG. 8
Hlustrates the edge placement distance, EPDy, between gate 127 and contact
138. FIG. 8§ also flustrates the edge placement distance, EPD;, between gate
128 and contact 138 and the edge placement distance EPDs, between gate 126
and contact 134. The edge placement distances must be carefully controlled to
ensure high device yield. if the edge placement error associated with any of
these edge placement distances is t0o large, the device will fail. As fllustrated in
FIG. 8, both overlay errors and CD errors condribute to EPE. For example, EPE
results if the layers associated with the contact are misalignad with the layers
associated with the gates. Similarly, EPE resulls if the CD associated with the
contact structures deviates from nominal dimensions. For example, contacis 133
and 136 are too large. The resull is overlap between sach contact and
corresponding gate structure and device failure.

[o0e6] in one example, process variations are introduced 1o generate a
DOE set that includes variations of QVL, PR-MCD and L1-MCD. The DOE setis
achisved on a single wafer by changing dose for each of the lithography steps
that produce PR-MCD and L1-MCD and changing the overiay at the last
lithography step. All process changes are predeterminead and randomly
distributed across the wafer. Multiple wafers with different randomiy distributed
DOE parameters can be used to increase the overall number of samples.
[6067] in this example, optical scalterometry signals are collected from the
DOE wafers at each metrology target (e.g., metrology target 170). in addition,
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the corresponding reference EPD measuwrements {e.g., CD-SEM or CD-SAXS) of
each corresponding device structure {&.g., device structure 120) are collected.
The oplical measurement data and the reference measurements are used for
creating 2 SRM measurement model. In one exampie, the SRM model is trained
to predict the EPD,y parameter value as depicted in FIG. 8. The results of the
training of the SRM measurement model are ilfustrated in FIGS. 9 and 10, Inthis
example, the measurement performance of the trained measurement model is
determined by using the model to measure a set of metrology targsts and
corresponding device structure parameters that have not participated as part of
the training data set, but corespond with device structures with known EPD
values {e.g., measured by CD-SEM or CD-8BAXS). The differences between the
expected and measured EPD values are indicative of mode! performance. FIG.
9 fllustrates a plot 150 of the known values of EPD4 and the values predicted by
the trained SRM measurement model. FIG. 10 lustrates a plot 160 of the
residual values of EPDy (the difference between the actual and predicted values
of EPD4} for each data point. As iflustrated in FIG. 10, the residual error
associated with the measurement of ERPDy is in the sub-nanometer range.
[o0e68] In a similar manner, the same scatterometry signals from the same
metrology target can be usad to create different SRM modeis for measuring other
parameter values such as EPD,, EPD3, and overlay associated with actual
device structure 120. For example, a SRM model may be employed {o map
overlay measured on special metrology targets {e.g., metrology target 170} {o
overlay associated with an actual device structure {e.g., actual device structure
120}, In an analogous manner, the same scatterometry signals from the same
metrology target can be used to create different SRM models for measuring
parameter values associated with the metrology target itself, such as OVL, PR-
MCD and L1-MCD using the corresponding reference values from the DOE.
[0068] in ancther aspect, the frained model is emploved as the
measurement model for other actual device structures having unknown
parameter values. The measurement model is structured o receive optical
measuremsnt data generated by one or more optical metrology systems at one
or more metrology targets, and directly determine one or more paramesters of
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interest of corresponding actual device structures. FiG. 4 illustrates a method
110 suitable for implementation by a metrology system such as metrology
system 300 Hlustrated in FIG. 5 of the present invention. In one aspect, it is
recognized that data processing blocks of method 110 may be cared out via a
pre-programmed algorithm executed by one or more processors of computing
system 330, or any other general purpose computing system. H is recognized
herein that the particutar structural aspects of metrology system 300 do not
represent limitations and should be interpreled as lustrative only.

[80701 i block 111, an amount of optical measurement data associated
with measurements of one or more metrology targats disposed nearby one or
more actual device structures s received by a computing system {e.q.,
computing system 330). The optical measurement data is derived from
measurements performed by the same oplical metrology technique, or
combination of optical meirology techniques as described with reference to
method 100, Similarly, the optical measurement data includes measurements of
the same types of structures as described with reference to method 100, but with
unknown device parametsr values.

[0071] In optional block 112, principal features from at least a portion of
the measured data are determined based on a mathematical transformation that
reduces the dimension of the measured data. In some embodiments, the
transformation is the same transformation employed to reduce the dimension of
the corresponding training data described with reference 1o method 100, Htis
preferred to extract features from the optical measurament data using the same
analysis employed to extract features from the training data in method 100, In
this manner, the dimension reduction of the acquired data is performed by the
same transformation used to reduce the dimension of the training data.

[60721 in block 113, the value of one or more parameter values of one or
more actual device structures is determined based on a fitting of the optical
measurement data {0 a trained measurement model {e.q., the trained
measurement model described with reference fo method 100). When optional
black 112 is employed, the value of one or more parameter valuss of one or
maore actual device structures is determined based on a fitling of the principal
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features to the trained measurement model. In this manner, device parameter
values are determined based on the trained measurement model and the
reduced set of measurement signals.

[6073] in block 114, the determined device parameter values are stored in
a memory. For example, the device parameter values may be stored on-board
the measurement system 300, for example, in memory 332, or may be
communicated {e.g., via output signal 340} fo an external memory device.
[0074] As described hereinbefore, the measurement mode] is frained for
all measured signals in the process variation space defined by the DOE set.
Thus, 8 mapping may be detemmined betwesan the process vanables within the
DOE process variation space and the actual device parameters of interest
rmeasured with the reference tool(s).

[GO75] FIG. 11 depicts an Hlustrative diagram 190 including exemplary
data points 181 that represent values of EPE measured by the reference
measurement system for each dosage represented in the DOE training set. A
functional relationship between EPE and dosage is established, for example, by
fitting a curve 192 to data points 191,

[0076] In a further aspect, a correction {o one or more process parameters
i determined based on a measured value of an actual device parameter and a
mapping between the actual device parameter and the one or more process
parameters. For example, point 183 illustrated in FIG. 11 represents 8 measured
value of EPE determined hy a trained measurement mods! as described with
reference to method 110. it is desired {o correct the process dosage such that a
subsequent measured value of EPE will be within the specification range
between EPEqq and EPEL,. Based on the functional mapping between EPE
and dosage, a dosage correction, [ DOSE, is determined that should result in a
measured value of EPE that lands in the middle of the specification range.
[0077] The example illustrated in FIG. 11 is presented for dlustrative
purposes. In general, a multi-dimensional response surface can be created that
relates the DOE process variables to the actual device parameters of intersst.

Corrections 1o ong or more process paramseters can be calculated to drive
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measured values of device parameters of interest within specification based on
the multi-dimensional response surface.

[0078] In a further aspect, the methods and systems described herein are
not limited only {0 the measurement of a single parameter of interest. in general,
the aforementioned optical measurement techniques may be applied to the
measurement of other process, struciure, dispersion parameters, or any
combination of these parameters. By way of non-limiting example, overlay,
profile geomelry parameters {e.q., critical dimension), process parameters {e.qg.,
focus, and dose), dispersion parameters, pitch walk, edge placement errors, or
any combination of parametars may be measured using the aforementioned
techniques. A set of fraining targets with variations of each parameter of interest
must be provided. The measurament model is then frained based on optical
measurement data collecied over metrology targets and reference
measurements of device parameter values that include the range of variations of
gach paramster of interest as described herein. With a measurement modas
trained for each parameter of interest, a single metrology target measurement
can provide input to the measurement models {o determined values of each
parameter of interest.

[0079] In another further aspect, the methods and systems for training the
measurement model include an optimization algorithm to automate any or all of
the elements required to arrive at a trained measurement madel.

[6oBO] in some examples, an optimization algorithm is configured to
maximize the performance of the measurement (defined by a cost function} by
optimizing any or all of the following parameters: the type of feature extraction
model {i.e., transformation), the parameters of the selected feature extraction
model, the type of measurement model, the parameters of the selected
measurement model. The optimization algorithm ¢an include user defined
heuristics and can be combination of nested optimizations (&.g., combinatorial
and continuous optimization).

[oo8l} In a further aspect, optical measurement data from multiple,
different fargets is collected for model building, training, and measurement. The
use of data associated with multiple targets having different structure, but formed
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by the same process conditions increases the information embedded in the
model and reduces the correlation to process or other parameter variations. The
additional information embedded in the model allows for a decoupling of
information content associated with one parameter of interest from information
associated with other parameters {e.g., film thicknesses, CD, etc.) that may affect
the measured signals in a similar manner. in thase examplas, the use of raining
data that includes images of multiple, different targets at one or more
measuremant sites enables more accurale parameter estimation. In some
examples, a mixture of isolated and dense line/space targets is employed fo
decouple overlay from undetlayer effects. in some sxamples, mulliple, different
targets offset in orthogonal directions are employed in each die. This may be
advantageocus to minimize the effects of underlayers on measurement accuracy.
In one example, SRAM device area can be used as one metrology larget
because it is sensitive to CD changes in combination with another metrology
target sensitive {o overlay.

[oogz] in another further aspect, signals from multiple targets can be
processed to reduce sensitivity to process variations and increase sensitivity {o
the parameters of interest. In some examples, signals from different targets are
subtracted from ong another. In some other examples, signals from different
targets are fit to a model, and the residuals are used {o build, train, and use the
rmeasuremant model as described herein. In one example, signals from two
different targets are subtracted to eliminate, or significantly reduce, the effect of
process noise in each measurament resul. in general, various mathematical
operations can be applied belween the signals from different targets {o determine
signals with reduced sensitivity 1o process variations and increased sensitivity to
the parameters of interest.

[00B3] in another further aspect, measurement data derived from
measurements performed by a combination of muttiple, different measwemaeant
techniques is collected for model building, training, and measurement. The use
of measurement data associated with muitiple, different measurement techniques
increases the information content in the combined set of signals and reduces the
correlation to process or other parameters variations. Measurement data may be
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derived from measuwremeanis performed by any combination of multiple, different
measurement techniques. In this manner, different measurement siles may be
measured by muitiple, different measurement techniques {e.g., optical SE,
imaging overlay, elc.) o enhance the measurement information available for
estimation of parameters of interest.

[0084} in general, any measurement technique, or combination of two or
more measurement techniques may be contemplated within the scope of this
patent document as the data processed by the feature extraction model and the
measurement model for training and measurement {s in vector form. Because
the signal response metrology techniques as described herein operate on
vectors of data, each collected signal is treated independently. In addition, it is
possible to concatenate data from multiple, different metrologies, regardless of
whether the data is two dimensional data, one dimensional data, or even single
point data.

[008s]} Exemplary measurement fechniques that may provide data for
analysis in accordance with the signal response metrology techniques described
herein include, but are not limited to spectroscopic ellipsometry, including Mueller
matrix ellipsometry, spectroscopic reflectometry, spectrascopic scatterometry,
scatterometry ovearlay, beam profile reflectometry, both angle-resolved and
polarization-resolved, beam profile ellipsometry, single or multiple discrete
wavelength ellipsometry, transmission small angle x-ray scatterometer (TSAXSE),
small angle x-ray scatiering (5AXS), grazing incidence small angle x-ray
scattering (GISAXS), wide angle x-ray scattering (WAXS), x-ray reflactivity
{XRR), x-ray diffraction (XRD}, grazing incidence x-ray diffraction {(GIXRD}, high
resolution x-ray diffraction (HRXRD), x-ray pholoslectron spectroscopy (XPS), x-
ray fluorescence (XRF), grazing incidence x-ray fluorescence (GIXRF), x-ray
tomography, and x-ray ellipsomelry. In general, any metrology technique
applicable {o the characterization of semiconductor structures, including image
based metrology techniques, may be contempiated, individually, or in any
combination.

[o0B6] in another further aspect, signals measured by multiple mstrologies
can be processed to reduce sensitivily to process variations and increase
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sensitivity to the parameters of inlerest. In some examples, signals from {argels
measured by different metrologies are subtracted from one another. In some
other examples, signals from targets measured by different metrologies are fit to
a model, and the residuals are used to build, train, and use the measurement
madel as described herein. In one example, signals from a target measured by
two different metrologies are sublracted to eliminate, or significantly reduce, the
effect of process noise in each measurement result. In general, various
mathematical operations can be applied between the signals msasured by
different metrologies to determine signals with reduced sensifivity {0 process
variations and increased sensitivity 1o the parameters of interast.

[ooe7} n general, signals from multiple targets each measured by muitiple
metrology techniques increases the information content in the combined set of
signals and reduces the correlation 1o process or other parameter variations.
[coR8] In a further aspect, the methods and systems for training and
measuring actual device structures as described hereinbefore are implemented
in a differential mode. In such a scheme the metrology target measurements and
any associated reference measurements are performed at two distinct steps in
the processing flow. The differences in the measured signals at each distinct
processing step are treated as fraining signals for raining purposes and
measurement signals for measurement purposes.

[0089] In one example, the same location points are used for metrology
target measurements at a lithography step and a subssequent etch step. The
difference signal between the lithography and eich steps allows for monitoring of
process variability on a per point site basis even if the structure varies between
points on the wafer (e.g., due to process steps or small positioning errorg). Such
differential mefrology mode may be preferred for metrology of SRAM device area
where varnations of the measurement targel are present between different fields
on the wafer.

[0080] In some examples, variations of the measurement target arise from
a deficiency in the periodicity of the measured structures, e.g., finite structure
size or in situations where the otherwise periodic structure is insufficiently

repeated within the measurement spot of the metrology system. n some
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examples, variations of the measurement target arise from a small spot size of
the oplical metrology system and measurement location placement errors of the
metrology system.

[0081] in some examples, the differences between actual device
parameter values before and after one or more eich sieps may be used as an
input 1o the closed loop control of the etch process.

[0092] in general, differential SRM metrology allows for global {wafer),
field (field average), or local {per site) results that can be used, for example, to
set the target bias belween two process monitoring steps (i.e., etch and
lithography), provide per field correction, or provide high order correction (e.9.,
OVL or EPE control).

[00983] FIG. 5 lustrates a system 300 for measuring characteristics of a
specimen in accordance with the exemplary methods presented herein. As
shown in FIG. §, the system 300 may be used {o perform spectrascopic
silipsometlry measurements of one or more structures of a specimen 301, Inthis
aspect, the system 300 may include a spectroscopic ellipsometer squipped with
an fluminator 302 and a spectrometer 304. The flluminator 302 of the system
300 is configured 1o generate and direct illumination of a selected wavelength
range {e.g., 100-2500 i} to the structure disposed on the surface of the
specimen 301, In turn, the spectrometer 304 is configured o receive iflumination
reflected from the surface of the specimen 301, H is further noted that the light
emerging from the iluminator 302 is polarized using a polarization state
generator 307 {o produce a polarized ilumination beam 306. The radiation
reflected by the structure disposed on the specimen 301 is passed through a
polarization stale analyzer 308 and to the speclrometer 304. The radiation
received by the spectrometer 304 in the collection beam 308 is analyzed with
regard 10 polarization state, allowing for spectral analysis by the specirometer of
radiation passed by the analyzer. These spectra 311 are passed to the
computing system 330 for analysis of the structure.

[0094] As depicted in FIG. 5, system 300 includes a single measurement
technology (i.e., SE). However, in general, system 300 may include any numbaer
of different measurement technologies. By way of non-imiting example, system
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300 may be configured as a spectroscopic ellipsometer (including Mueller matrix
eilipsometry), a spectroscopic reflectomeler, a spectroscopic scatteromester, an
overlay scatterometer, an angular resolved beam profile reflectometer, a
polarization resolved beam profile reflectometer, a beam profile reflectometer, a
beam profile ellipsomeater, any single or multiple wavelength ellipsometer, or any
combination thereof. Furthermore, in general, measurement data collected by
different measurement technologies and analyzed in accordance with the
methods described hergin may be collected from mulliple tools, rather than one
tool integrating muitiple technologies.

[0095] in a further embodiment, system 300 may include ong or more
computing systems 330 employed {o perform measurements of actual device
structures based on measurement madels developed in accordance with the
methods described herein. The one or more computing systems 330 may be
communicatively coupled o the spectrometer 304. In one aspect, the one or
more computing systems 330 are configured to receive measurement data 311
associated with measurements of the structure of specimen 301.

[00396] it should be recognized that the varnous steps described throughout
the present disclosure may be carried out by a single computer system 330 or,
alternatively, a multiple computer system 330. Moresover, different subsystems of
the systern 300, such as the speclroscopic ellipsometer 304, may include a
computear system suitable for carrying out at least a portion of the steps
described herein. Therefore, the aforemeantioned descriplion should not he
interpreted as a limitation on the present invention but merely an illustration.
Further, the one or more computing systems 330 may be configured {o perform
any other step(s) of any of the method embodiments described herein.

[0087] in addition, the computer system 330 may be communicatively
coupled 1o the spectrometer 304 in any manner known in the arl. For example,
the ane or more computing systems 330 may be coupled to computing systems
associated with the spectrometer 304. In ancther exampie, the spectrometer 304
may be controlied directly by a single computer system coupled to computer

systermn 330.
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[ooo8] The computer system 330 of the metrology system 300 may be
configured to receive and/or acquire data or information from the subsystems of
the system {e.q., spectrometer 304 and the like} by a transmission medium that
may include wireline and/or wireless portions. In this manner, the fransmission
meadium may serve as a data link between the computer system 330 and other
subsystems of the system 300.

[0099] Computer system 330 of the integrated metrology system 300 may
be canfigured o receive andfor acquire data or information (e.g., measurement
results, modeling inputs, modeling resuils, reference measurament results, etc.)
from other systems by a transmission medium that may include wireling and/or
wireless portions. in this manner, the transmission medium may serve as a data
fink between the computer system 330 and other systems {e.g., memaory on-
hoard metrology system 300, external memory, reference measurement source
320, or other external systems). For example, the computing system 330 may be
configured {o receive measurement data from a storage medium {i.e., memory
332 or an external memory) via a data link. For inslance, spectral results
obtained using spectrometer 304 may be stored in a permanent or semi-
permanent memory device {e.g., memory 332 or an external memory}. in this
regard, the spectral resulls may be imported from on-board memory or from an
external memory system. in ancther example, the computing system 330 may
be configured to receive reference measurement data 321 from a reference
measurement source {8.q., a storage medium) via a data link. For instance,
reference measurement results obtained using a reference measurement system
may be stored in a permanent or semi-permanent memory device. In this regard,
the reference measurement resulls may be imported from on-board memaory or
from an external memory system. Moreover, the computer system 330 may
send data to other systems via a transmission medium. For instance, an
measurement model or an actual device parameter value 340 determined by
computer system 330 may be communicated and stored in an external memaory.
In this regard, measurement results may be exported to another system.
[60100] Computing system 330 may include, but is not limited to, a personal
computer system, mainframe computer system, workstation, image computer,
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parallel processor, or any other device known in the arl. In genersal, the term
‘computing system” may be broadly defined to encompass any device having
one or more processors, which exacute instructions from a memory medium.
[60101] Program instructions 334 implementing methods such as those
described herein may be transmitted over a transmission medium such as a wirg,
cable, or wireless transmission link. For example, as illustrated in FIG. 5,
program instructions 334 stored in memory 332 are fransmitted to processor 331
over bus 333, Program instructions 334 are stored in a computer readable
medium {e.g., memory 332). Exemplary computer-readable media include read-
only memaory, a random access memory, a magnetic or optical disk, or a
magnetic tape.

[00102] In some examples, the model building, training, and measurement
methods described herein are implemented as an element of a SpectraShape®
optical critical-dimension metrology system available from KLA-Tencor
Corporation, Milpitas, Galifornia, USA. In this manner, the model is created and
ready for use immediately after the DOE wafer spectra are collected by the
system.

[00103] In some other examples, the model building and training methods
described herein are implemented off-line, for example, by a computing system
implementing AcuShape® software available from KLA-Tencor Corporation,
Milpitas, California, USA. The resulting, trained model may be incorporated as
an element of an AcuShape® library that is accessible by a metrology system
performing measuremeants.

[00104] n yet ancother aspect, the measurement model resulls described
herein can be used to provide active feedback 1o a process tool {e.g., lithography
tool, stch tool, deposition tool, ete.). For example, values of EPE or overay etror
determined using the methods described herein can be communicated to a
lithography tool to adjust the lithography system fo achieve a desired ocutput. Ina
similar way etch paramelers {e.g., etch time, diffusivity, etc.) or deposition
parameters (e.g., time, concentration, stc.} may be included in a measurement
model to provide active feedback to efch tools or deposition tools, respectively.

In some example, corrections 1o process parameters determined based on
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measured device parameter values and a trained measurement model may be
communicated {0 a lithography tool, etch tool, or deposition tool.

[00105] In general, the systems and methods described herein may be
implemented as part of the process of preparing a measurement model for off-
fine or on-tool measuremeant.

[00106] As described herein, the term “critical dimension” includes any
critical dimension of a structure {e.g., bottom critical dimension, middle critical
dimension, top critical dimension, sidewall angle, grating height, elc.}, a critical
dimension between any two or more structures {e.g., distance between two
structures), and a displacement between two or more structures {e.g., overlay
displacement between overlaying grating structures, etc.). Structures may
include three dimensional structuras, patterned structures, overlay structures,
efc.

[00107]) As described herein, the term “oritical dimension application” ar
“gritical dimension measurement application” includes any critical dimension
measuremeant.

[oo108] As described herein, the term “metrology system” includes any
system employed at least in part to characterize a specimen in any aspect,
including measurement applications such as critical dimension metrology,
overlay metrology, focus/dosage metrology, and composition metrology.
However, such terms of art do not limit the scope of the term “metrology system”
as described herein. In addition, the metrology system 100 may be configured
for measurement of patterned wafers and/or unpattemed wafers. The metrology
system may be configured as a LED inspection fool, edge inspection tool,
backside inspection tool, macro-insgpection tool, or multi-mode inspection tool
{involving data from one or more platforms simultansously), and any other
metrology or inspection tool that benefits from the calibration of system
parameters based on critical dimension data.

[00109] Various embodiments are described herein for a semiconductor
processing system (e.g., an inspection system or a lithography system) that may

be used for processing a specimen. The term "specimen” is used herein to refer
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to a wafer, a reticle, or any other sample that may be processed {e.g., printed or
inspected for defects) by means known in the art.

[00110] As used herein, the term "wafer" generally refers to substrates
formed of a semiconductor or non-semiconductor material. Examples include,
but are not limited to, monocrystailing silicon, gallium arsenide, and indium
phosphide. Such substrates may be commonly found and/or processed in
semiconductor fabrication facilities. In some cases, a wafer may include only the
substrate {i.e, bare wafer). Altematively, a waler may include one or more
fayers of different materials formed upon a substrate. One or more layers formed
on a wafer may be "patterned” or "unpatierned.” For example, a wafer may
include a plurality of dies having repeatable patter features.

[60111] A "reticle” may be a reticle at any stage of a reticle fabrication
process, or a completed reticle that may or may not be released foruse ina
semicanductor fabrication facility. A reticle, or a "mask,” is generally defined as a
substantially transparent substrate having substantially opaque regions formed
thereon and configured in a pattern. The substrate may include, for example, a
glass material such as amorphous SiO,. A reticle may be disposed above 3
resist-covered wafer during an exposure step of a lithography process such that
the pattern on the reticle may be transierred o the resist.

[o0112] One or more layers formed on a wafer may be patterned or
unpatterned. For example, a wafer may include a plurality of diss, sach having
repeatable pattern features. Formation and processing of such layers of material
may ultimately result in completed devices. Many different types of devices may
be formed on a wafer, and the term wafer as used herein is intended o
encompass a wafer on which any type of device known in the art is being
fabricated.

[060113] in one or more exemplary embodiments, the functions described
may be implemented in hardware, software, firmware, or any combination
thareof. If implemented in software, the funclions may be stored on or
transmitted over as one or more instructions or code on a computer-readable
medium. Computer-readable meadia includes both computer storage media and
communication media including any medium that facilitates transfer of a

28



WO 2016/007413 PCT/US2015/039202

computer program from one place {0 another. A slorage media may be any
avaitable media that can be accessed by a general purpose or special purpose
computer. By way of example, and not limitation, such computer-readable media
can comprise RAM, ROM, EEPROM, CD-ROM or other optical disk storage,
magnetic disk storage or other magnetic storage devices, or any cther medium
that can be used to carry or store desired program code means in the form of
instructions or data structures and that can be accessed by a general-purpose or
special-purpose computer, or a general-purpose or special-purpose

processor. Alsg, any conneclion is properly termed a computer-readable
medium, For example, if the softwareg is transmilted from a website, server, or
other remote source using a coaxial cable, fiber optic cable, twisted pair, digital
subscriber line (DSL), or wireless {echnologies such as infrared, radio, and
microwave, then the coaxial cable, fiber optic cable, twisted pair, DSL, or
wireless technologies such as infrared, radio, and microwave are included in the
definition of medium. Disk and disc, as used herein, includes compact disc (CD),
laser disc, optical dise, digital versatile disc (DVD), floppy disk and blu-ray disc
where disks ususlly reproduce data magnetically, while discs reproduce data
optically with lasers. Combinations of the above should also be included within
the scope of computer-readable media.

[00114] Although certain specific embodiments are described above for
instructional purposes, the teachings of this patent document have general
applicability and are not limited {o the specific embodiments described above.
Accordingly, various modifications, adaptations, and combinations of various
features of the described embodiments can be pracliced without departing from

the scope of the invention as set forth in the claims.
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CLAIMS
What is claimed is:

1. A method comprising:

receiving reference values of one or more parameters of interest of one or
more actual device structures repeatedly fabricated over a range of values of one
or more process variables, wherein the reference values are measured by &
reference metrology system;

receiving a first amount of measurement data associated with
meaasurements of one or more metrology targets disposed nearby the ane or
more actual device structires, wherein the first amount of measurement data is
derived from measurements performed by at least one optical metrology
technigue; and

training a measurement model basad on the first amount of measurement

data and the reference values of the one or more parameters of interest.

2. The method of Claim 1, wherein the fraining of the measurement
maodel involves:

determining a mapping between each of the one or more process
variables and the reference values of the one or more parameters of interest of
the one or more actual device structures.

3. The method of Claim 1, wherein the training of the measurement
moadel involves:

determining a plurality of principal features of the first amount of
measurement data based on a transformation of the first amount of
measurement data that reduces a dimension of the first amount of measurement
data.

4. The method of Claim 3, wherein the fransformation of the first
amount of optlical measurement data involves any of a principal component
analysis (PCA), an independent component analysig (ICA), a kernel PCA, a non-~
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linear PCA, a fast Fourner fransform (FFT) analysis, a discrete cosine transform

{DCT) analysig, and a wavelet analysis.

5. The method of Claim 1, wherein the measurement model is any of
a linear model, a polynomial model, a neural network model, a support vector

machinas model, a decision tree model, and a random forest model.

8. The method of Claim 1, wherein the first amount of optical
measurement data includes a combination of measurements of a plurality of
different metrology targets formed by the same process condifions.

7. Thea method of Claim 1, whergin the first amount of optical
measurement data includes measurements acquired by a plurality of different

metrology techniques.

8. The method of Claim 3, wherein the transformation of the first amount
of optical measurement data involves determining a difference between signals
from measurements of different targets, signals from measurements acquired by
different metrology techniques, signals from measurements acquired at different
process steps, or any combination thereof.

8. The method of Claim 3, wherein the transformation of the first amount
of optical measurement data involves determining residuals of a model! fit to
signals from measwrements of different targets, signals from optical
measuremeants acquired by different metrology techniques, signals from

measurements acquired at different process steps, or any combination thereof.

10, The method of Claim 1, wharein the metrology targst is an actual

device structure.
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11.  The method of Claim 1, wherein the one or more parameters of
interest includes any of edge placement distance, edge placement error, and

overlay.

12.  The method of Claim 1, wherein the reference metrology system
includes any one or combination of a scanning electron microscope and a small-

angle x-ray scatterometer.

13.  The method of Claim 2, further comprising:

receiving a second amount of measurement data associated with
measurements of one or more metrology targets disposed nearby one or more
actual device structures, wherein the second amount of measurement data is
derived from measurements performed by the same at least one optical
metrology technique;

determining a measured value of a parameter of interest of the one or
more actual device structures based on a fitting of a second amount of
measurement data to the trained measurement model; and

storing the value of the parameter of interest in a memory.

14, The method of Claim 13, further comprising:

determining a correction to a value of one or more of the process variables
hased on the measured value of the parameter of interast and the mapping
between each of the one or more process variables and the reference values of
the one or more parameters of interest of the one or more actual device

structures.

15, A system comprising:
a metrolagy tooal including at least one flumination source and at least one
detector configured 1o perform measurements of a target structure; and
a computing system configured to:
receive reference values of one or more paramsters of interest of
one or more actual device structures repeatedly fabricated over a range of
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values of one or more process variables, wherein the reference values are
measured by a reference metrology system;

raceive a first amount of measurement data associated with
measurements of one or more metrology targets disposed nearby the one
or more actual device structures, wherein the first amount of measurement
data is derived from measurements performed by at least one optical
metrology technique; and

train & measurgment model based on the first amount of
measurement data and the reference values of the one or more
parameters of interest.

18.  The system of Claim 15, wherein the computing system is further
configured to:

receive a second amount of measurement data associated with
measurements of one or more metrology targets disposed nearby one or more
actual device structures, wherein the second amount of measurement data is
derived from measurements performed by the same at least one optical
metrology technigue;

determing a measured value of a parameter of interest of the one or more
actual device structures based on a fitting of a second amount of measurement
data to the trained measurement model; and

storg the value of the parameter of interest in a memory.

17.  The system of Claim 15, wherein the first amount of optical
measurement data includes a combination of measurements of a plurality of

different metrology targets formed by the same process conditions.,
18.  The system of Claim 15, wherein the first amount of optical

measurement data includes a combination of measurements acquired by a

plurality of different metrology technigues.
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18, The system of Claim 15, wherein the melrology target is an actual

device structure.

20.  The system of Claim 15, wherein the reference metrology system
includes any one or combination of a scanning electron microscope and a smali-

angle x-ray scatterometer.

21, A method comprising:

receiving an amount of measurement data associated with measuremenis
of one or more metrology targets disposed nearby one or more actual davice
structures, wherein the amount of measurament data is derived from
measurements performed by at least one optical metrology technigue,

determining a value of a parameter of inferest of the one or more actual
device structures based on a fitting of the amount of measurement data to a
tfrained measurement modsi; and

storing the value of the parameter of interest in a memory.

22,  The method of Claim 21, further comprising:

determining a correction to a value of one or more process vatriables
based on the measured value of the parameter of interest and & mapping
between each of the one or more process variables and reference measuremant
values of the parameter of interest of the one or more actual device structures.
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