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(57) Abstract: Metrology methods, modules and systems are provided, for using
machine learning algorithms to improve the metrology accuracy and the overall
process throughput. Methods comprise calculating training data concerning metrol-
ogy metric(s) from initial metrology measurements, applying machine learning
algorithm(s) to the calculated training data to derive an estimation model of the
metrology metric(s), deriving measurement data from images of sites on received
wafers, and using the estimation model to provide estimations of the metrology
metric(s) with respect to the measurement data. While the training data may use two
images per site, in operation a single image per site may suffice - reducing the mea-
surement time to less than half the current measurement time. Moreover, confidence
score(s) may be derived as an additional metrology and process control, and deep
learning may be used to enhance the accuracy and/or speed of the metrology module.
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MACHINE LEARNING FOR METROLOGY MEASUREMENTS

CROSS REFERENCE TO RELATED APPLICATIONS
[0001} This application claims the benefit of U.S. Provisional Patent Application No.
62/787549 filed on January 2, 2019, which 1s incorporated herein by reference in its

entirety.

BACKGROUND OF THE INVENTION
1. TECHNICAL FIELD
[8002] The present invention relates to the field of semiconductor metrology, and more

particularly, to implementation of machine learning in the metrology measurement process.

2. DISCUSSION OF RELATED ART
[8003] Typical metrology measurements of targets on wafer site estimate the overlay
between target structures in images of the targets, usually for two images per target (0° and

180°-rotated images) to achieve good accuracy.

SUMMARY OF THE INVENTION

[8004] The following s a simplified summary providing an initial understanding of the
invention. The sununary does not necessarily wdentify key elements nor limit the scope of
the invention, but merely serves as an mtroduction to the following description.

[0005] One aspect of the present invention provides a method comprising calculating
training data concerning at least one metrology metric from initial metrology
measurements, applying at least one machine learning algorithm to the calculated training
data to derive an estimation model of the at least one metrology metric, deriving
measurement data from images of sites on received wafers, and using the estimation model
to provide estimations of the at least one metrology metric with respect to the measurement
data.

{0006} These, additional, and/or other aspects and/or advantages of the present mvention
are set forth m the detailed description which follows; possibly mferable from the detailed

description; and/or learnable by practice of the present ivention.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0087] For a better understanding of emboduments of the invention and to show how the
same may be carried into effect, reference will now be made, purely by way of example,
to the accompanying drawings in which like numerals designate corresponding elements
or sections throughout.
{0008] In the accompanying drawings:
[6069] Figure 1 is a high-level schematic block diagram and illustration of a system with
a metrology module, according to some embodiments of the invention.
{8010} Figure 2 is a high-level flowchart illustrating a method, according to some

embodiments of the invention.

DETAILED DESCRIPTION OF THE INVENTION

[8011] In the following description, various aspects of the present invention are described.
For purposes of explanation, specific configurations and details are set forth in order to
provide a thorough understanding of the present mvention. However, it will also be
apparent to one skilled in the art that the present invention may be practiced without the
specific details presented heremn. Furthermore, well known teatures may have been omitted
or simplified in order not to obscure the present invention. With specific reference to the
drawings, it is stressed that the particulars shown are by way of example and for purposes
of itlustrative discussion of the present mvention only, and are presented in the cause of
providing what is believed to be the most useful and readily understood description of the
principles and conceptual aspects of the invention. In this regard, no attempt 1s made to
show structural details of the invention in more detail than is necessary for a fundamental
understanding of the invention, the description taken with the drawings making apparent
to those skilled in the art how the several forms of the invention may be embodied in
practice.

[6012] Before af least one embodiment of the invention is explained in detail, i is to be
understood that the invention is not limited in its application to the details of construction
and the arrangement of the components set forth in the following description or illustrated

in the drawings. The invention is applicable to other embodiments that may be practiced

(3]
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or carried out in various ways as well as to combinations of the disclosed embodiments.
Also, it is to be understood that the phraseology and terminology emploved herem are for
the purpose of description and should not be regarded as limiting.

[0013] Unless specifically stated otherwise, as apparent from the following discussions, it
is appreciated that throughout the specification discussions utilizing terms such as
"processing”, "computing”, "calculating”, "determining”, “enhancing”, "deriving" or the
like, refer to the action and/or processes of a computer or computing system, or similar
electronic computing device, that manipulates and/or transforms data represented as
physical, such as electronic, quantities within the computing system's registers and/or
mernories into other data similarly represented as physical quantities within the computing
system's memories, registers or other such information storage, transmission or display
devices. In certain embodiments, illumination technology may comprise, electromagnetic
radiation in the visual range, ultraviolet or even shorter wave radiation such as x rays, and
possibly even particle beams.

{0014} Embodiments of the present invention provide efficient and economical methods
and mechanisms for implementing metrology measurements in semiconductor production
processes and thereby provide improvements to the technological field of semiconductor
metrology. Metrology methods, modules and systems are provided, for using machine
learning algorithms to improve the metrology accuracy and the overall process throughput.
Methods comprise calculating training data concerning metrology metric(s) from initial
metrology measurements, applying machine learning algorithm(s) to the calculated
training data to derive an estimation model of the metrology metric(s), deriving
measurement data from images of sites on received wafers, and using the estimation model
to provide estimations of the metrology metric(s) with respect to the measurement data.
While the training data may use two images per site, in operation a single image per site
may suffice — reducing the measurement time to less than half the current measurement
time. Moreover, counfidence score(s) may be derived as an additional metrology and
process control, and deep learning may be used to enhance the accuracy and/or speed of
the metrology module.

{0015} Figure 1 is a high-level schematic block diagram and illustration of a system 100

with a metrology module 101, according to some embodiments of the mvention. System
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180 may comprise metrology module 101 associated with at least one computer
processor(s) 102 and/or metrology module 101 comprising at least one, or some of
computer processor{s} 102.

[0016] Metrology module 101 may comprise, or be associated with one or more estimation
model{s) 120, which may be implemented on computer processor{s) 102 as part of
metrology module 101 or associated therewith, e.g., as training or simulation module(s)
that are used to derive estimation model{s) 120. Estimation model(s) 120 may be
configured to provide estimations of at least one metrology metric with respect to
measurement data of sites on recerved wafers. Estimation model(s) 120 are derived by at
least one machine learning algorithm 118 which is applied to calculated training data 105
in a tramning stage 115 that relates the at least one metrology metric to mitial metrology
measurements.

{0017} Metrology module 101 may be configured to calculate training data 105 concerning
the metrology metric(s) from the mitial metrology measurements, e.g., relating to multiple
sites 85 in a plurality of fields 80 of one or more training wafer 78; to apply machine
learning algorithm{s) 118 to calculated training data 105 to derive estimation model 120 of
the metrology metric(s); to derive measurement data 122 from images of sites on the
received wafers, and to use estimation model 120 to provide estimations of the metrology
metric(s) 124 with respect to measurement data 122

[0018] For example, the calculation of training data 105 may comprise using pairs of
images 95 and 180°-rotated images 95 derived from sites 85 on at least one training wafer
70. Training data 105 comprises at least one processed feature 96 (as derived data 96)
which is derived from each pair of immages 95 with respect to each site 85. For example, the
processed feature(s) may comprise 1D (one-dimensional) kernels representing an average
along a specified direction in respective images 95 and/or image transformation data
comprising DCT (discrete cosine transform) or Fourier transform of respective images 95.
[8019] In certain embodiments, machine learning algorithm{s) 110 may comprise any of
Principal Component Regression, Support Vector Machines, Gradient Boosting and/or
Neural Networks algorithms.

{0020} In certain embodiments, training data 105 may comprise, at least partly, raw images

95 derived from plurality of sites 85 on one or more training wafer(s) 70 as the initial
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metrology measurements, and machine learning algorithm(s) 118 comprises at least one
deep learning algorithm applying deep learning methods 150 directly to raw or processed
images 95 as training data 105.

[0021} In certain embodiments, metrology module 101 may be configured to derive at least
one confidence score 130 that quantifies a similarity between measurement data 122 and
training data 105 and to use derived confidence score(s) 130 as a confidence measure for
the estimations of the at least one metrology metric. Metrology module 101 may be forther
configured to reiterate the estimation model derivation using additional calculated training
data, e.g., in a re-training stage 140, to re-train machine learning algorithm(s) 110, in case
confidence score(s) surpasses respective specified threshold(s). Alternatively, or
complementarily, confidence score(s) 130 may be used to provide process variation
indications 135 such as relating to various process errors.

{0022} Figure 2 is a high-level flowchart illustrating a method 200, according to some
embodiments of the mvention. The method stages may be carried out with respect to system
100 and/or metrology module 101 described above, which may optionally be configured
to implement method 208. Method 200 may be at least partially implemented by at least
one computer processor (e.g., 102), possibly m metrology module 181. Certain
embodiments comprise computer program products comprising a computer readable
storage medium having computer readable program embodied therewith and configured to
carry out the relevant stages of method 200. Certain embodiments comprise target design
files of respective targets designed by embodiments of method 260. Method 200 may
comprise the following stages, irrespective of their order.

[8023] Method 260 comprises calculating training data concerning at least one metrology
metric from nitial metrology measurements (stage 210}, applying at least one machine
learning algorithm to the calculated training data (stage 220) to derive an estirnation model
of the at least one metrology metric (stage 230). For example, calculating training data 210
may comprise Calculating representation features as the traming data (stage 215) and/or
using raw or detailed data (stage 217}, e.g., for deep learning procedures. Method 208
further comprises deriving measurement data from images of sites on received wafers

{stage 232), and using the estimation model to provide estimations of the at least one
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metrology metric with respect to the measurement data (stage 235) and optionally
compensating for process errors using the derived estimation model(s) (stage 237).

{0024} For example, method 200 may comprise carrying out the calculation of the training
data using pairs of images and 180°-rotated images derived from a plurality of sites on at
least one training wafer.

[0025] In certain embodiments, the training data may comprise at least one processed
feature which is derived from each pair with respect to each site, the at least one processed
feature comprises 1D (one-dimensional) representing an average along a specified
direction in the respective mmages and/or image transformation data comprising DCT
{discrete cosine transform) or Fourier transform of the respective images. Alternatively or
complementarily the at least one processed feature may comprise any of various accuracy
metrics derived from captured images.

{0026} In certain embodiments, the machine learning algorithm(s) may comprise at least
one of: Principal Component Regression, Support Vector Machines, Gradient Boosting
and/or Neural Networks algorithms.

{0027} In certain embodiments, the training data may comprise, at least partly, raw images
dertved from sites on the training wafer(s) as the mitial metrology measurements, and the
machine learning algorithm(s) may comprise at least one deep learning algorithm.

[0028] Method 200 may further comprise deriving at least one confidence score that
quantifies a similarity between the measurement data and the training data and is used as a
confidence measure for the estimations of the at least one metrology metric (stage 246},
Confidence score(s) may be used to indicate excessive process variation (stage 242) and/or
reiterating the estimation model derivation using additional calculated training data, to re-
train the machine learning algorithmy(s), in case one or more of the confidence score(s)
surpasses respective specified threshold(s) (stage 245).

[6029] For example, disclosed embodiments may comprise estimating TIS (too! induced
shifts, mainly from optics-related inaccuracies and expressed by the difference between
measurements rotated by 180° with respect to each other) and/or overlay as the metrology
metric(s), e.g., estimation model(s) 120 may comprise computational model(s) that
estimate TIS, possibly from single measurements 122 per site. Traming data 105 may

comprise a limited number of tmages 95 taken from multiple sites 85 with known TIS, e g,
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including 180°-rotated images for these sites, namely using two measurements per site 85
for dertving training data 105. Traming data 105 may be derived with respect to various
representation features such as 1D kernels representing the averages of a given dimension
in 2D images 95, DCT representations of image 95, various metrics relating to images 95,
etc. Such featares may help to gain more knowledge than is explicit in measured 1mages
95, while allowing for simple computations for training data 105 and metric estimations
124, by reducing the relatively large pixel space to more compact representations. In certain
embodiments, by creating feature-based model 120 on single wafer 70, the TIS or other
metrics may be estimated and compensated for, e.g., site by site m many similar (received)
wafers measured on the same metrology tool (e.g., having metrology module 101), thus
increasing the quality of overlay and other metrology measurements with a negligible
penalty in throughput.

{0030} It is noted that disclsoed methods 200 and systems 100 may be used in optical
metrology measurements to minimize TIS errors which are caused by imperfections in the
measurement devices {e.g., due to telecentricity, lens aberrations, etc.) that may be
manifested in different overlays {(indications of the misalignment of two or more vertically
consecutive layer patterns in a semiconductor wafer) between measurements taken on the
same target at 0° and 180° azimuths (measured by rotating the wafer by 180°). Disclosed
embodiments may at least statistically minimize the TIS errors across the wafer, as
observed in the mean and standard deviation of the values across the wafer.

{0031} Confidence score(s) 130 may be used to score mputs such as measwrements 122
with respect to the similarity between measurements 122 and training data 105, to provide
a confidence measure to estimated metric values 124 such gs the TIS prediction. By
monitoring confidence score 130, process variations occurring in the production process
may be mndicated 135 and/or re-training of model 120 may be triggered 140 to cope with
identified changes in the process. Various embodiments yield higher quality results while
maintaining high throughput as opposed to current methods of reducing TIS discussed
below. Disclosed systems 100 and methods 200 may be applied to minimize a range of
errors in the semiconductor process analysis flow.

[0032] In certain embodiments, alternative or complementary deep learning machine

learning algorithms 110 and corresponding mechanisms 156 may be applied to bypass
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and/or complement feature calculation stage 215, Measured images may be used as at least
part of training data 105 and mputted directly mto, e.g., a neural network architecture (as
an example for machine learning algorithms), with TIS estimates as its output.

[0033] The inventors note that disclosed embodiments pioneer the use of machine learning
algorithms for correcting mechanical and optical errors in overlay measurement 1o the
semiconductor industry. Disclosed embodiments perform better than prior art systems and
methods which require conducting each measurement twice (at 0° and 180° rotations of
the target) to derive, e.g., TIS measurements and/or which optimize the hardware settings
ona given set of sites and wafers and use the optimized values for all other sites and wafers.
Advantageously, disclosed embodiments halve the measurement time (by using a single
measurement instead of two, and also sparing the wafer movement time), improve
measurement accuracy and increase the overall throughput (number of wafers processed
per hour) greatly with respect to the former prior art approach, and are much more flexible,
more accurate and less time-consuming with respect to the latter prior art approach (as
hardware setting optimization is a very slow process, that cannot be carried out often and
therefore can hardly be adjusted to changmg conditions, and also provide interpolative
results which may have low accuracy).

[0034] Aspects of the present invention are described above with reference to flowchart
illustrations and/or portion diagrams of methods, apparatus (systems) and computer
program products according to embodiments of the invention. It will be understood that
each portion of the flowchart illustrations and/or portion diagrams, and combinations of
portions in the flowchart illustrations and/or portion diagrams, can be implemented by
computer program instructions. These computer program mstructions may be provided to
a processor of a general-purpose computer, special purpose computer, or other
programmable data processing apparatus to produce a machine, such that the instructions,
which execute via the processor of the computer or other programmable data processing
apparatus, create means for implementing the functions/acts specified in the flowchart
and/or portion diagram or portions thereof.

[0035] These computer program instructions may also be stored in a computer readable
medium that can direct a computer, other programmable data processing apparatus, or other

devices to function in a particular manner, such that the instructions stored in the computer
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readable medium produce an article of manufacture including instructions which
implement the function/act specified in the flowchart and/or portion diagram or portions
thereof.

[0036]} The computer program instructions may also be loaded onto a computer, other
programmable data processing apparatus, or other devices to cause a series of operational
steps to be performed on the computer, other progranimable apparatus or other devices to
produce a computer mmplemented process such that the mstructions which execute on the
computer or other programmable apparatus provide processes for implementing the
functions/acts specified in the flowchart and/or portion diagram or portions thereof
[8037] The aforementioned flowchart and diagrams illustrate the architecture,
functionality, and operation of possible implementations of systems, methods and
computer program products according to various embodiments of the present invention. In
this regard, each portion in the flowchart or portion diagrams may represent a module,
segment, or portion of code, which comprises one or more executable instructions for
implementing the specified logical function(s). It should also be noted that, in some
alternative implementations, the functions noted m the portion may occur out of the order
noted in the figures. For example, two portions shown in succession may, in fact, be
executed substantially concurrently, or the portions may sometimes be executed in the
reverse order, depending upon the functionality involved. It will also be noted that each
portion of the portion diagrams and/or flowchart illustration, and combinations of portions
in the portion diagrams and/or flowchart illustration, can be muplemented by special
purpose hardware-based systems that perform the specified functions or acts, or
combinations of special purpose hardware and computer mstructions.

{0038} in the above description, an embodiment is an example or implementation of the
invention. The various appearances of "one embodiment”, "an embodiment”, "certain
embodiments” or "some embodiments” do not necessarily all refer to the same
embodiments. Although various features of the invention may be described in the context
of a single embodiment, the features may also be provided separately or in any suitable
combination. Conversely, although the invention may be described herein in the context of
separate embodiments for clarity, the invention may also be mplemented i a single

embodiment. Certain embodiments of the mvention may include features from different
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embodiments disclosed above, and certain embodiments may incorporate elements from
other embodiments disclosed above. The disclosure of elements of the mvention in the
context of a specific embodiment is not to be taken as limiting their use in the specific
embodiment alone. Furthermore, it is to be understood that the invention can be carried out
or practiced in varions ways and that the nvention can be implemented in certain
embodiments other than the ones outlined in the description above.

{0039} The invention is not limited to those diagrams or to the corresponding descriptions.
For example, flow need not move through each illustrated box or state, or in exactly the
same order as illustrated and described. Meanings of technical and scientific terms used
herein are to be commonty understood as by one of ordinary skill in the art to which the
invention belongs, unless otherwise defined. While the invention has been described with
respect to a hmited number of embodiments, these should not be construed as limitations
on the scope of the invention, but rather as exemplifications of some of the preferred
embodiments. Other possible variations, modifications, and applications are also within the
scope of the invention. Accordingly, the scope of the invention should not be limited by

what has thus far been described, but by the appended claims and their legal equivalents.

10



WO 2020/142301 PCT/US2019/068219

CLAIMS

What s claimed is:

L.

(29

h

A method comprising:

calculating training data concerning at least one metrology metric from initial
metrology measurements,

applying at least one machine learning algorithm to the calculated training data to
derive an estimation model of the at least one metrology metric,

deriving measurement data from images of sites on recetved wafers, and

using the estimation model to provide estimations of the at least one metrology
metric with respect to the measurement data.
The method of claim 1, further comprising carrying out the calculation of the training
data using pairs of images and 180°-rotated images derived from a plurality of sites on
at least one training wafer.
The method of claim 1 or 2, wherein the training data comprises at least one processed
feature which is derived from each pair with respect to each site, the at least one
processed feature comprises 1D (one-dimensional) kernels representing an average
along a specified direction i the respective images and/or 1mage transformation data
comprising DCT (discrete cosine transform) or Fourier transform of the respective
images.
The method of any one of claims 1-3, wherem the at least one machine learning
algorithm comprises at least one of: Principal Component Regression, Support Vector
Machines, Gradient Boosting and/or Neural Networks algorithms.
The method of claim 1 or 2, wherein the training data comprises, at least partly, raw
images derived from a plurality of sites on at least one training wafer as the initial
metrology measurements, and the at least one machine learning algorithm comprises at
least one deep learning algorithm.
The method of any one of claims 1-5, further comprismg deriving at least one
confidence score that quantifies a similarity between the measurement data and the
tratning data and is used as a confidence measure for the estimations of the at least one

metrology metric.

11
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7.

10.
11

14.

The method of claim 6, further comprising reiterating the estimation model derivation
using additional calculated tramming data, to re-train the at least one machine learning
algorithm, in case at least one confidence score surpasses at least one specified
threshold.

The method of any one of claims 1-7, wheremn at least one of the calculating, the
applying and the using is carried out by at least one computer processor.

A computer program product comprising a non-transitory computer readable storage
medium having computer readable program embodied therewith, the computer
readable program configured to carry out, at least partly, the method of any one of
claims 1-7.

A metrology module comprising the computer program product of claim 9.

A metrology module comprising an estimation model, configured to provide
estimations of at least one metrology metric with respect to measurement data of sites
on received wafers,

wherein the estimation model is derived by at least one machine learning algorithm
applied to calculated training data that relates the at least one metrology metric to initial

metrology measurements.

. The metrology module of claim 11, further comprising at least one computer processor

that is configured to derive the estimation model.

. The metrology module of claim 11 or 12, further contigured to

calculate tratning data concerning the at least one metrology metric from the nitial
metrology measurements,

apply the at least one machine learning algorithm to the calculated training data to
derive the estimation model of the at least one metrology metric,

derive the measurement data from images of the sites on the received wafers, and

use the estimation model to provide the estimations of the at least one metrology
metric with respect to the measurement data.
The metrology module of any one of claims 11-13, further configured to carry out the
calculation of the training data using pairs of images and 180°-rotated images derived
from a plurality of sites on at least one training wafer, wherein the traming data

comprises at least one processed feature which is derived from each pair with respect
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15.

6.

17.

to each site, the at least one processed feature comprises 1D {one-dimensional) kernels
representing an average along a specified direction in the respective immages and/or
image transformation data comprising DCT (discrete cosme transform) or Fourier
transform of the respective images.

The metrology module of any one of claims 11-14, wherein the at least one machine
learning algorithim comprises at least one of: Principal Component Regression, Support
Vector Machines, Gradient Boosting and/or Neural Networks algorithms.

The metrology module of any one of claims 11-13, wherein the training data comprises,
at least partly, raw images derived from a plurality of sites on at least one training wafer
as the initial metrology measurements, and the at least one machine learning algorithm
comprises at least one deep learning algorithm.

The metrology module of any one of claims 11-16, further configured to derive at least
one confidence score that quantifies a similarity between the measurement data and the
training data and use the derive at least one counfidence score as a confidence measure
for the estimations of the at least one metrology metric; wherein the metrology module
is further configured to reiterate the estimation model derivation using additional
calculated training data, to re-train the at least one machine learning algorithm, in case

at least one confidence score surpasses at least one specified threshold.
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