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METHOD AND METROLOGY APPARATUS TO DETERMINE
A PATTERNING PROCESS PARAMETER

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority of EP application 17189728.3 which was filed on September 7,

2017 and which is incorporated herein in its entirety by reference.

FIELD
[0002] The present description relates to a method and apparatus to determine a parameter (such as
overlay) of a process, for example, to create a pattern on a substrate and which determined parameter can

be used to design, monitor, adjust, etc. one or more variables related to the processing.

BACKGROUND

[0003] A lithographic apparatus is a machine that applies a desired pattern onto a substrate, usually
onto a target portion of the substrate. A lithographic apparatus can be used, for example, in the
manufacture of integrated circuits (ICs) or other devices designed to be functional. In that instance, a
patterning device, which is alternatively referred to as a mask or a reticle, may be used to generate a
circuit pattern to be formed on an individual layer of the device designed to be functional. This pattern
can be transferred onto a target portion (e.g., including part of, one, or several dies) on a substrate (e.g., a
silicon wafer). Transfer of the pattern is typically via imaging onto a layer of radiation-sensitive material
(resist) provided on the substrate. In general, a single substrate will contain a network of adjacent target
portions that are successively patterned. Known lithographic apparatus include so-called steppers, in
which each target portion is irradiated by exposing an entire pattern onto the target portion at one time,
and so-called scanners, in which each target portion is irradiated by scanning the pattern through a
radiation beam in a given direction (the “scanning”-direction) while synchronously scanning the substrate
parallel or anti parallel to this direction. It is also possible to transfer the pattern from the patterning

device to the substrate by imprinting the pattern onto the substrate.

SUMMARY

[0004] Manufacturing devices, such as semiconductor devices, typically involves processing a
substrate (e.g., a semiconductor wafer) using a number of fabrication processes to form various features
and often multiple layers of the devices. Such layers and/or features are typically manufactured and
processed using, e.g., deposition, lithography, etch, chemical-mechanical polishing, and ion implantation.

Multiple devices may be fabricated on a plurality of dies on a substrate and then separated into individual
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devices. This device manufacturing process may be considered a patterning process. A patterning process
involves a pattern transfer step, such as optical and/or nanoimprint lithography using a lithographic
apparatus, to provide a pattern on a substrate and typically, but optionally, involves one or more related
pattern processing steps, such as resist development by a development apparatus, baking of the substrate
using a bake tool, etching the pattern by an etch apparatus, etc. Further, one or more metrology processes
are involved in the patterning process.

[0005] Metrology processes are used at various steps during a patterning process to monitor and/or
control the process. For example, metrology processes are used to measure one or more characteristics of
a substrate, such as a relative location (e.g., registration, overlay, alignment, etc.) or dimension (e.g., line
width, critical dimension (CD), thickness, etc.) of features formed on the substrate during the patterning
process, such that, for example, the performance of the patterning process can be determined from the one
or more characteristics. If the one or more characteristics are unacceptable (e.g., out of a predetermined
range for the characteristic(s)), one or more variables of the patterning process may be designed or
altered, e.g., based on the measurements of the one or more characteristics, such that substrates
manufactured by the patterning process have an acceptable characteristic(s).

[0006] With the advancement of lithography and other patterning process technologies, the
dimensions of functional elements have continually been reduced while the amount of the functional
elements, such as transistors, per device has been steadily increased over decades. In the meanwhile, the
requirement of accuracy in terms of overlay, critical dimension (CD), etc. has become more and more
stringent. Error, such as error in overlay, error in CD, etc., will inevitably be produced in the patterning
process. For example, imaging error may be produced from optical aberration, patterning device heating,
patterning device error, and/or substrate heating and can be characterized in terms of, e.g., overlay, CD,
etc. Additionally or alternatively, error may be introduced in other parts of the patterning process, such as
in etch, development, bake, etc. and similarly can be characterized in terms of, e.g., overlay, CD, etc. The
error may cause a problem in terms of the functioning of the device, including failure of the device to
function or one or more electrical problems of the functioning device. Accordingly, it is desirable to be
able to characterize one or more these errors and take steps to design, modify, control, etc. a patterning
process to reduce or minimize one or more of these errors.

[0007] In an embodiment, there is provided a method, comprising: illuminating a structure of a
metrology target with radiation having a linear polarization in a first direction; receiving radiation
redirected from the structure to a cross-polarizing element, the cross-polarizing element providing
diffracted radiation having linear polarization in a second direction to a sensor system separately from
redirected radiation having linear polarization in a third direction substantially orthogonal to the second

direction, wherein the cross-polarizing element has a polarization splitting axis such that the first direction
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is at an angle to the second direction; and measuring, using the sensor system, an optical characteristic of
the redirected radiation having linear polarization in the second direction and redirected radiation having
linear polarization in the third direction.

[0008] In an embodiment, there is provided a metrology apparatus, comprising: an optical element
configured to provide radiation having a linear polarization in a first direction onto a structure of a target;
a sensor system configured to measure an optical characteristic of radiation redirected from the structure;
and a cross-polarizing element configured to receive radiation redirected from the structure and to provide
redirected radiation having linear polarization in a second direction to the sensor system separately from
redirected radiation having linear polarization in a third direction substantially orthogonal to the second
direction, wherein the cross-polarizing element has a polarization splitting axis such that the first direction
is at an angle to the second direction.

[0009] In an embodiment, there is provided a metrology apparatus, comprising: an optical element
configured to provide radiation having a linear polarization in a first direction onto a structure of a target;
a sensor system configured to measure an optical characteristic of radiation redirected from the structure;
a retarder system configured to receive radiation redirected from the structure and to provide a phase to
redirected radiation having linear polarization in the first direction and redirected radiation having linear
polarization in a second direction substantially orthogonal to the first direction, wherein the retarder
system is configured to provide different phase at different times; and a cross-polarizing element
configured to receive radiation redirected from the structure and to provide redirected radiation having
linear polarization in a third direction to the sensor system separately from redirected radiation having
linear polarization in a fourth direction substantially orthogonal to the third direction.

[0010] In an embodiment, there is provided a method, comprising: illuminating a structure of a
metrology target with radiation having a linear polarization in a first direction; receiving radiation
redirected from the structure to a polarizing element, wherein the polarizing element has a polarization
splitting axis at an angle to the first direction; and measuring, using the sensor system, an optical
characteristic of the redirected radiation.

[0011] In an aspect, there is provided a non-transitory computer program product comprising
machine-readable instructions for causing a processor system to cause performance of a method described
herein. In an aspect, there is provided a computer program product comprising a computer non-transitory
readable medium having instructions recorded thereon, the instructions when executed by a computer
implementing a method or one or more process steps described herein.

[0012] In an aspect, there is provided a metrology apparatus for measuring an object of a patterning
process, the metrology apparatus configured to perform a method as described herein. In an aspect, there

is provided an inspection apparatus for inspecting an object of a patterning process, the inspection
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apparatus being operable to perform a method as described herein.

[0013] In an aspect, there is provided a system comprising: a metrology apparatus configured to
provide a beam of radiation onto an object surface and to detect radiation redirected by the structure on
the object surface; and a computer program product as described herein. In an embodiment, the system
further comprises a lithographic apparatus comprising a support structure configured to hold a patterning
device to modulate a radiation beam and a projection optical system arranged to project the modulated
radiation beam onto a radiation-sensitive substrate, wherein the object is the substrate.

[0014] In an embodiment, there is provided a system comprising: a hardware processor system; and
a non-transitory computer readable storage medium configured to store machine-readable instructions,
wherein when executed, the machine-readable instructions cause the hardware processor system to

perform a method as described herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] Embodiments will now be described, by way of example only, with reference to the
accompanying drawings in which:

[0016] Figure 1 schematically depicts an embodiment of a lithographic apparatus;

[0017] Figure 2 schematically depicts an embodiment of a lithographic cell or cluster;

[0018] Figure 3A is schematic diagram of a measurement apparatus for use in measuring targets

according to an embodiment using a first pair of illumination apertures providing certain illumination

modes;

[0019] Figure 3B is a schematic detail of a diffraction spectrum of a target for a given direction of
illumination;

[0020] Figure 3C is a schematic illustration of a second pair of illumination apertures providing

further illumination modes in using a measurement apparatus for diffraction based overlay measurements;
[0021] Figure 3D is a schematic illustration of a third pair of illumination apertures combining the
first and second pairs of apertures providing further illumination modes in using a measurement apparatus
for diffraction based overlay measurements;

[0022] Figure 4 schematically depicts a form of multiple periodic structure (e.g., multiple grating)
target and an outline of a measurement spot on a substrate;

[0023] Figure 5 schematically depicts an image of the target of Figure 4 obtained in the apparatus of
Figure 3;

[0024] Figure 6 schematically depicts an example metrology apparatus and metrology technique;
[0025] Figure 7 schematically depicts an example metrology apparatus;

[0026] Figure 8 illustrates the relationship between an illumination spot of a metrology apparatus
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and a metrology target;

[0027] Figure 9 schematically depicts a process of deriving one or more variables of interest based
on measurement data;

[0028] Figure 10A schematically depicts an example unit cell, an associated pupil representation,
and an associated derived pupil representation;

[0029] Figure 10B schematically depicts an example unit cell, an associated pupil representation,
and an associated derived pupil representation;

[0030] Figure 10C schematically depicts an example target comprising one or more physical
instances of a unit cell;

[0031] Figure 11 depicts a high-level flow of obtaining weightings for determining a patterning
process parameter from measured radiation;

[0032] Figure 12 depicts a high-level flow of determining a patterning process parameter from
measured radiation;

[0033] Figure 13 depicts a high-level flow of an embodiment of a data driven technique;

[0034] Figure 14 depicts a high-level flow of an embodiment of a data driven technique in
combination with a physical geometric model;

[0035] Figure 15 depicts a high-level flow of an embodiment of a data driven technique in
combination with a physical geometric model;

[0036] Figure 16 depicts a high-level flow of an embodiment of a data driven technique in
combination with a physical geometric model;

[0037] Figure 17 depicts a high-level flow of an embodiment of a data driven technique in

combination with a physical geometric model;

[0038] Figure 18 schematically depicts an embodiment of a multiple overlay unit cell of a target;
[0039] Figure 19 schematically depicts an embodiment of a multiple overlay unit cell of a target;
[0040] Figure 20 depicts an example graph of two vectors corresponding to two different overlays
[0041] Figure 21 schematically depicts an example metrology apparatus according to an
embodiment;

[0042] Figure 22 schematically depicts intensity pupils of radiation from a target when measured

using a cross polarizing element and representing a particular overlay parameter of the target;

[0043] Figure 23 schematically depicts intensity pupils of radiation from a target when measured
using a cross polarizing element and a retarder and representing a particular overlay parameter of the
target;

[0044] Figure 24A schematically depicts an example metrology apparatus according to an

embodiment;
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[0045] Figure 24B schematically depicts an effect of the cross polarizing element having a polarizing
axis at angle to the axis of the polarization of illumination radiation according to an embodiment;

[0046] Figure 25 schematically depicts intensity pupils of radiation from a target when measured
using a rotated cross polarizing element and representing a particular overlay parameter of the target; and
[0047] Figure 26 schematically depicts a computer system which may implement embodiments of

this disclosure.

DETAILED DESCRIPTION

[0048] Before describing embodiments in detail, it is instructive to present an example environment
in which embodiments may be implemented.

[0049] Figure 1 schematically depicts a lithographic apparatus LA. The apparatus comprises:

- an illumination system (illuminator) IL. configured to condition a radiation beam B (e.g. UV
radiation or DUV radiation);

- a support structure (e.g. a mask table) MT constructed to support a patterning device (e.g. a
mask) MA and connected to a first positioner PM configured to accurately position the patterning device
in accordance with certain parameters;

- a substrate table (e.g. a wafer table) WT constructed to hold a substrate (e.g. a resist-coated
wafer) W and connected to a second positioner PW configured to accurately position the substrate in
accordance with certain parameters; and

- a projection system (e.g. a refractive projection lens system) PS configured to project a
pattern imparted to the radiation beam B by patterning device MA onto a target portion C (e.g.
comprising one or more dies) of the substrate W, the projection system supported on a reference frame
(RF).

[0050] The illumination system may include various types of optical components, such as refractive,
reflective, magnetic, electromagnetic, electrostatic or other types of optical components, or any
combination thereof, for directing, shaping, or controlling radiation.

[0051] The support structure supports the patterning device in a manner that depends on the
orientation of the patterning device, the design of the lithographic apparatus, and other conditions, such as
for example whether or not the patterning device is held in a vacuum environment. The support structure
can use mechanical, vacuum, electrostatic or other clamping techniques to hold the patterning device. The
support structure may be a frame or a table, for example, which may be fixed or movable as required. The
support structure may ensure that the patterning device is at a desired position, for example with respect
to the projection system. Any use of the terms “reticle” or “mask” herein may be considered synonymous

with the more general term *“‘patterning device.”
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[0052] The term “patterning device” used herein should be broadly interpreted as referring to any
device that can be used to impart a pattern in a target portion of the substrate. In an embodiment, a
patterning device is any device that can be used to impart a radiation beam with a pattern in its cross-
section so as to create a pattern in a target portion of the substrate. It should be noted that the pattern
imparted to the radiation beam may not exactly correspond to the desired pattern in the target portion of
the substrate, for example if the pattern includes phase-shifting features or so called assist features.
Generally, the pattern imparted to the radiation beam will correspond to a particular functional layer in a
device being created in the target portion, such as an integrated circuit.

[0053] The patterning device may be transmissive or reflective. Examples of patterning devices
include masks, programmable mirror arrays, and programmable LLCD panels. Masks are well known in
lithography, and include mask types such as binary, alternating phase-shift, and attenuated phase-shift, as
well as various hybrid mask types. An example of a programmable mirror array employs a matrix
arrangement of small mirrors, each of which can be individually tilted so as to reflect an incoming
radiation beam in different directions. The tilted mirrors impart a pattern in a radiation beam, which is
reflected by the mirror matrix.

[0054] The term “projection system” used herein should be broadly interpreted as encompassing any
type of projection system, including refractive, reflective, catadioptric, magnetic, electromagnetic and
clectrostatic optical systems, or any combination thereof, as appropriate for the exposure radiation being
used, or for other factors such as the use of an immersion liquid or the use of a vacuum. Any use of the
term “projection lens” herein may be considered as synonymous with the more general term “projection
system”.

[0055] The projection system PS has an optical transfer function which may be non-uniform, which
can affect the pattern imaged on the substrate W. For unpolarized radiation such effects can be fairly well
described by two scalar maps, which describe the transmission (apodization) and relative phase
(aberration) of radiation exiting the projection system PS as a function of position in a pupil plane thereof.
These scalar maps, which may be referred to as the transmission map and the relative phase map, may be
expressed as a linear combination of a complete set of basis functions. A particularly convenient set is the
Zernike polynomials, which form a set of orthogonal polynomials defined on a unit circle. A
determination of each scalar map may involve determining the coefficients in such an expansion. Since
the Zernike polynomials are orthogonal on the unit circle, the Zernike coefficients may be determined by
calculating the inner product of a measured scalar map with each Zernike polynomial in turn and dividing
this by the square of the norm of that Zernike polynomial.

[0056] The transmission map and the relative phase map are field and system dependent. That is, in

general, each projection system PS will have a different Zernike expansion for each field point (i.e. for
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each spatial location in its image plane). The relative phase of the projection system PS in its pupil plane
may be determined by projecting radiation, for example from a point-like source in an object plane of the
projection system PS (i.e. the plane of the patterning device MA), through the projection system PS and
using a shearing interferometer to measure a wavefront (i.e. a locus of points with the same phase). A
shearing interferometer is a common path interferometer and therefore, advantageously, no secondary
reference beam is required to measure the wavefront. The shearing interferometer may comprise a
diffraction grating, for example a two dimensional grid, in an image plane of the projection system (i.e.
the substrate table WT) and a detector arranged to detect an interference pattern in a plane that is
conjugate to a pupil plane of the projection system PS. The interference pattern is related to the derivative
of the phase of the radiation with respect to a coordinate in the pupil plane in the shearing direction. The
detector may comprise an array of sensing elements such as, for example, charge coupled devices
(CCDs).

[0057] The projection system PS of a lithography apparatus may not produce visible fringes and
therefore the accuracy of the determination of the wavefront can be enhanced using phase stepping
techniques such as, for example, moving the diffraction grating. Stepping may be performed in the plane
of the diffraction grating and in a direction perpendicular to the scanning direction of the measurement.
The stepping range may be one grating period, and at least three (uniformly distributed) phase steps may
be used. Thus, for example, three scanning measurements may be performed in the y-direction, each
scanning measurement being performed for a different position in the x-direction. This stepping of the
diffraction grating effectively transforms phase variations into intensity variations, allowing phase
information to be determined. The grating may be stepped in a direction perpendicular to the diffraction
grating (z direction) to calibrate the detector.

[0058] The transmission (apodization) of the projection system PS in its pupil plane may be
determined by projecting radiation, for example from a point-like source in an object plane of the
projection system PS (i.e. the plane of the patterning device MA), through the projection system PS and
measuring the intensity of radiation in a plane that is conjugate to a pupil plane of the projection system
PS, using a detector. The same detector as is used to measure the wavefront to determine aberrations may
be used.

[0059] The projection system PS may comprise a plurality of optical (e.g., lens) elements and may
further comprise an adjustment mechanism AM configured to adjust one or more of the optical elements
s0 as to correct for aberrations (phase variations across the pupil plane throughout the field). To achieve
this, the adjustment mechanism may be operable to manipulate one or more optical (e.g., lens) elements
within the projection system PS in one or more different ways. The projection system may have a co-

ordinate system wherein its optical axis extends in the z direction. The adjustment mechanism may be
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operable to do any combination of the following: displace one or more optical elements; tilt one or more
optical elements; and/or deform one or more optical elements. Displacement of an optical element may be
in any direction (X, y, z or a combination thereof). Tilting of an optical element is typically out of a plane
perpendicular to the optical axis, by rotating about an axis in the x and/or y directions although a rotation
about the z axis may be used for a non-rotationally symmetric aspherical optical element. Deformation of
an optical element may include a low frequency shape (e.g. astigmatic) and/or a high frequency shape
(e.g. free form aspheres). Deformation of an optical element may be performed for example by using one
or more actuators to exert force on one or more sides of the optical element and/or by using one or more
heating elements to heat one or more selected regions of the optical element. In general, it may not be
possible to adjust the projection system PS to correct for apodization (transmission variation across the
pupil plane). The transmission map of a projection system PS may be used when designing a patterning
device (e.g., mask) MA for the lithography apparatus LA. Using a computational lithography technique,
the patterning device MA may be designed to at least partially correct for apodization.

[0060] As here depicted, the apparatus is of a transmissive type (e.g. employing a transmissive
mask). Alternatively, the apparatus may be of a reflective type (e.g. employing a programmable mirror
array of a type as referred to above, or employing a reflective mask).

[0061] The lithographic apparatus may be of a type having two (dual stage) or more tables (e.g., two
or more substrate tables WTa, Wb, two or more patterning device tables, a substrate table WTa and a
table WTb below the projection system without a substrate that is dedicated to, for example, facilitating
measurement, and/or cleaning, etc.). In such “multiple stage” machines the additional tables may be used
in parallel, or preparatory steps may be carried out on one or more tables while one or more other tables
are being used for exposure. For example, alighment measurements using an alignment sensor AS and/or
level (height, tilt, etc.) measurements using a level sensor LS may be made.

[0062] The lithographic apparatus may also be of a type wherein at least a portion of the substrate
may be covered by a liquid having a relatively high refractive index, e.g. water, so as to fill a space
between the projection system and the substrate. An immersion liquid may also be applied to other spaces
in the lithographic apparatus, for example, between the patterning device and the projection system.
Immersion techniques are well known in the art for increasing the numerical aperture of projection
systems. The term “immersion” as used herein does not mean that a structure, such as a substrate, must be
submerged in liquid, but rather only means that liquid is located between the projection system and the
substrate during exposure.

[0063] Referring to Figure 1, the illuminator IL receives a radiation beam from a radiation source
SO. The source and the lithographic apparatus may be separate entities, for example when the source is an

excimer laser. In such cases, the source is not considered to form part of the lithographic apparatus and
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the radiation beam is passed from the source SO to the illuminator II. with the aid of a beam delivery
system BD comprising, for example, suitable directing mirrors and/or a beam expander. In other cases the
source may be an integral part of the lithographic apparatus, for example when the source is a mercury
lamp. The source SO and the illuminator IL, together with the beam delivery system BD if required, may
be referred to as a radiation system.
[0064] The illuminator II. may comprise an adjuster AD configured to adjust the angular intensity
distribution of the radiation beam. Generally, at least the outer and/or inner radial extent (commonly
referred to as c-outer and G-inner, respectively) of the intensity distribution in a pupil plane of the
illuminator can be adjusted. In addition, the illuminator II. may comprise various other components, such
as an integrator IN and a condenser CO. The illuminator may be used to condition the radiation beam, to
have a desired uniformity and intensity distribution in its cross-section.
[0065] The radiation beam B is incident on the patterning device (e.g., mask) MA, which is held on
the support structure (e.g., mask table) MT, and is patterned by the patterning device. Having traversed
the patterning device MA, the radiation beam B passes through the projection system PS, which focuses
the beam onto a target portion C of the substrate W. With the aid of the second positioner PW and
position sensor IF (e.g. an interferometric device, linear encoder, 2-D encoder or capacitive sensor), the
substrate table W'T can be moved accurately, e.g. so as to position different target portions C in the path
of the radiation beam B. Similarly, the first positioner PM and another position sensor (which is not
explicitly depicted in Figure 1) can be used to accurately position the patterning device MA with respect
to the path of the radiation beam B, e.g. after mechanical retrieval from a mask library, or during a scan.
In general, movement of the support structure M'T may be realized with the aid of a long-stroke module
(coarse positioning) and a short-stroke module (fine positioning), which form part of the first positioner
PM. Similarly, movement of the substrate table WT may be realized using a long-stroke module and a
short-stroke module, which form part of the second positioner PW. In the case of a stepper (as opposed to
a scanner) the support structure MT may be connected to a short-stroke actuator only, or may be fixed.
Patterning device MA and substrate W may be aligned using patterning device alignment marks M1, M2
and substrate alignment marks P1, P2. Although the substrate alignment marks as illustrated occupy
dedicated target portions, they may be located in spaces between target portions (these are known as
scribe-lane alignment marks). Similarly, in situations in which more than one die is provided on the
patterning device MA, the patterning device alignment marks may be located between the dies.
[0066] The depicted apparatus could be used in at least one of the following modes:

1. In step mode, the support structure M T and the substrate table WT are kept essentially
stationary, while an entire pattern imparted to the radiation beam is projected onto a target portion C at

one time (i.e. a single static exposure). The substrate table W'T is then shifted in the X and/or Y direction
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so that a different target portion C can be exposed. In step mode, the maximum size of the exposure field
limits the size of the target portion C imaged in a single static exposure.

2. In scan mode, the support structure MT and the substrate table W'T are scanned
synchronously while a pattern imparted to the radiation beam is projected onto a target portion C (i.e. a
single dynamic exposure). The velocity and direction of the substrate table WT relative to the support
structure M'T may be determined by the (de-)magnification and image reversal characteristics of the
projection system PS. In scan mode, the maximum size of the exposure field limits the width (in the non-
scanning direction) of the target portion in a single dynamic exposure, whereas the length of the scanning
motion determines the height (in the scanning direction) of the target portion.

3. In another mode, the support structure MT is kept essentially stationary holding a
programmable patterning device, and the substrate table W'T' is moved or scanned while a pattern
imparted to the radiation beam is projected onto a target portion C. In this mode, generally a pulsed
radiation source is employed and the programmable patterning device is updated as required after each
movement of the substrate table WT or in between successive radiation pulses during a scan. This mode
of operation can be readily applied to maskless lithography that utilizes programmable patterning device,
such as a programmable mirror array of a type as referred to above.

[0067] Combinations and/or variations on the above described modes of use or entirely different
modes of use may also be employed.

[0068] As shown in Figure 2, the lithographic apparatus LA may form part of a lithographic cell L.C,
also sometimes referred to a lithocell or cluster, which also includes apparatuses to perform pre- and post-
exposure processes on a substrate. Conventionally these include one or more spin coaters SC to deposit
one or more resist layers, one or more developers DE to develop exposed resist, one or more chill plates
CH and/or one or more bake plates BK. A substrate handler, or robot, RO picks up one or more substrates
from input/output port /01, I/02, moves them between the different process apparatuses and delivers
them to the loading bay LB of the lithographic apparatus. These apparatuses, which are often collectively
referred to as the track, are under the control of a track control unit TCU which is itself controlled by the
supervisory control system SCS, which also controls the lithographic apparatus via lithography control
unit LACU. Thus, the different apparatuses can be operated to maximize throughput and processing
efficiency.

[0069] In order that a substrate that is exposed by the lithographic apparatus is exposed correctly and
consistently, it is desirable to inspect an exposed substrate to measure or determine one or more properties
such as overlay (which can be, for example, between structures in overlying layers or between structures
in a same layer that have been provided separately to the layer by, for example, a double patterning
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manufacturing facility in which lithocell L.C is located also typically includes a metrology system MET
which receives some or all of the substrates W that have been processed in the lithocell. The metrology
system MET may be part of the lithocell L.C, for example it may be part of the lithographic apparatus LA.
[0070] Metrology results may be provided directly or indirectly to the supervisory control system
SCS. If an error is detected, an adjustment may be made to exposure of a subsequent substrate (especially
if the inspection can be done soon and fast enough that one or more other substrates of the batch are still
to be exposed) and/or to subsequent exposure of the exposed substrate. Also, an already exposed substrate
may be stripped and reworked to improve yield, or discarded, thereby avoiding performing further
processing on a substrate known to be faulty. In a case where only some target portions of a substrate are
faulty, further exposures may be performed only on those target portions which are good.

[0071] Within a metrology system MET, a metrology apparatus is used to determine one or more
properties of the substrate, and in particular, how one or more properties of different substrates vary or
different layers of the same substrate vary from layer to layer. The metrology apparatus may be integrated
into the lithographic apparatus ILA or the lithocell LC or may be a stand-alone device. To enable rapid
measurement, it is desirable that the metrology apparatus measure one or more properties in the exposed
resist layer immediately after the exposure. However, the latent image in the resist has a low contrast —
there is only a very small difference in refractive index between the parts of the resist which have been
exposed to radiation and those which have not — and not all metrology apparatus have sufficient
sensitivity to make useful measurements of the latent image. Therefore measurements may be taken after
the post-exposure bake step (PEB) which is customarily the first step carried out on an exposed substrate
and increases the contrast between exposed and unexposed parts of the resist. At this stage, the image in
the resist may be referred to as semi-latent. It is also possible to make measurements of the developed
resist image — at which point either the exposed or unexposed parts of the resist have been removed — or
after a pattern transfer step such as etching. The latter possibility limits the possibilities for rework of a
faulty substrate but may still provide useful information.

[0072] To enable the metrology, one or more targets can be provided on the substrate. In an
embodiment, the target is specially designed and may comprise a periodic structure. In an embodiment,
the target is a part of a device pattern, e.g., a periodic structure of the device pattern. In an embodiment,
the device pattern is a periodic structure of a memory device (e.g., a Bipolar Transistor (BPT), a Bit Line
Contact (BLC), etc. structure).

[0073] In an embodiment, the target on a substrate may comprise one or more 1-D periodic
structures (e.g., gratings), which are printed such that after development, the periodic structural features
are formed of solid resist lines. In an embodiment, the target may comprise one or more 2-D periodic
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structures are formed of solid resist pillars or vias in the resist. The bars, pillars or vias may alternatively
be etched into the substrate (e.g., into one or more layers on the substrate).

[0074] In an embodiment, one of the parameters of interest of a patterning process is overlay.
Overlay can be measured using dark field scatterometry in which the zeroth order of diffraction
(corresponding to a specular reflection) is blocked, and only higher orders processed. Examples of dark
field metrology can be found in PCT patent application publication nos. WO 2009/078708 and

WO 2009/106279, which are hereby incorporated in their entirety by reference. Further developments of
the technique have been described in U.S. patent application publications US2011-0027704, US2011-
0043791 and US2012-0242970, which are hereby incorporated in their entirety by reference. Diffraction-
based overlay using dark-field detection of the diffraction orders enables overlay measurements on
smaller targets. These targets can be smaller than the illumination spot and may be surrounded by device
product structures on a substrate. In an embodiment, multiple targets can be measured in one radiation
capture.

[0075] A metrology apparatus suitable for use in embodiments to measure, e.g., overlay is
schematically shown in Figure 3A. A target T (comprising a periodic structure such as a grating) and
diffracted rays are illustrated in more detail in Figure 3B. The metrology apparatus may be a stand-alone
device or incorporated in either the lithographic apparatus LA, e.g., at the measurement station, or the
lithographic cell L.C. An optical axis, which has several branches throughout the apparatus, is represented
by a dotted line O. In this apparatus, radiation emitted by an output 11 (e.g., a source such as a laser or a
xenon lamp or an opening connected to a source) is directed onto substrate W via a prism 15 by an optical
system comprising lenses 12, 14 and objective lens 16. These lenses are arranged in a double sequence of
a 4F arrangement. A different lens arrangement can be used, provided that it still provides a substrate
image onto a detector.

[0076] In an embodiment, the lens arrangement allows for access of an intermediate pupil-plane for
spatial-frequency filtering. Therefore, the angular range at which the radiation is incident on the substrate
can be selected by defining a spatial intensity distribution in a plane that presents the spatial spectrum of
the substrate plane, here referred to as a (conjugate) pupil plane. In particular, this can be done, for
example, by inserting an aperture plate 13 of suitable form between lenses 12 and 14, in a plane which is
a back-projected image of the objective lens pupil plane. In the example illustrated, aperture plate 13 has
different forms, labeled 13N and 138, allowing different illumination modes to be selected. The
illumination system in the present examples forms an off-axis illumination mode. In the first illumination
mode, aperture plate 13N provides off-axis illumination from a direction designated, for the sake of
description only, as ‘north’. In a second illumination mode, aperture plate 13S is used to provide similar
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using different apertures. The rest of the pupil plane is desirably dark as any unnecessary radiation outside
the desired illumination mode may interfere with the desired measurement signals.

[0077] As shown in Figure 3B, target T is placed with substrate W substantially normal to the optical
axis O of objective lens 16. A ray of illumination I impinging on target T from an angle off the axis O
gives rise to a zeroth order ray (solid line 0) and two first order rays (dot-chain line +1 and double dot-
chain line -1). With an overfilled small target T, these rays are just one of many parallel rays covering the
area of the substrate including metrology target 1" and other features. Since the aperture in plate 13 has a
finite width (necessary to admit a useful quantity of radiation), the incident rays I will in fact occupy a
range of angles, and the diffracted rays 0 and +1/-1 will be spread out somewhat. According to the point
spread function of a small target, each order +1 and -1 will be further spread over a range of angles, not a
single ideal ray as shown. Note that the periodic structure pitch and illumination angle can be designed or
adjusted so that the first order rays entering the objective lens are closely aligned with the central optical
axis. The rays illustrated in Figures 3A and 3B are shown somewhat off axis, purely to enable them to be
more easily distinguished in the diagram. At least the O and +1 orders diffracted by the target on substrate
W are collected by objective lens 16 and directed back through prism 15.

[0078] Returning to Figure 3A, both the first and second illumination modes are illustrated, by
designating diametrically opposite apertures labeled as north (N) and south (S). When the incident ray I is
from the north side of the optical axis, that is when the first illumination mode is applied using aperture
plate 13N, the +1 diffracted rays, which are labeled +1(N), enter the objective lens 16. In contrast, when
the second illumination mode is applied using aperture plate 13S the -1 diffracted rays (labeled -1(S)) are
the ones which enter the lens 16. Thus, in an embodiment, measurement results are obtained by
measuring the target twice under certain conditions, e.g., after rotating the target or changing the
illumination mode or changing the imaging mode to obtain separately the -1st and the +1st diffraction
order intensities. Comparing these intensities for a given target provides a measurement of asymmetry in
the target, and asymmetry in the target can be used as an indicator of a parameter of a lithography
process, €.g., overlay. In the situation described above, the illumination mode is changed.

[0079] A beam splitter 17 divides the diffracted beams into two measurement branches. In a first
measurement branch, optical system 18 forms a diffraction spectrum (pupil plane image) of the target on
first sensor 19 (e.g. a CCD or CMOS sensor) using the zeroth and first order diffractive beams. Each
diffraction order hits a different point on the sensor, so that image processing can compare and contrast
orders. The pupil plane image captured by sensor 19 can be used for focusing the metrology apparatus
and/or normalizing intensity measurements. The pupil plane image can also be used for other
measurement purposes such as reconstruction, as described further hereafter.

[0080] In the second measurement branch, optical system 20, 22 forms an image of the target on the



10

15

20

25

30

WO 2019/048342 PCT/EP2018/073413

15

substrate W on sensor 23 (e.g. a CCD or CMOS sensor). In the second measurement branch, an aperture
stop 21 is provided in a plane that is conjugate to the pupil-plane of the objective lens 16. Aperture stop
21 functions to block the zeroth order diffracted beam so that the image of the target formed on sensor 23
is formed from the -1 or +1 first order beam. Data regarding the images measured by sensors 19 and 23
are output to processor and controller PU, the function of which will depend on the particular type of
measurements being performed. Note that the term ‘image’ is used in a broad sense. An image of the
periodic structure features (e.g., grating lines) as such will not be formed, if only one of the -1 and +1
orders is present.

[0081] The particular forms of aperture plate 13 and stop 21 shown in Figure 3 are purely examples.
In another embodiment, on-axis illumination of the target is used and an aperture stop with an off-axis
aperture is used to pass substantially only one first order of diffracted radiation to the sensor. In yet other
embodiments, 2nd, 3rd and higher order beams (not shown in Figure 3) can be used in measurements,
instead of or in addition to the first order beams.

[0082] In order to make the illumination adaptable to these different types of measurement, the
aperture plate 13 may comprise a number of aperture patterns formed around a disc, which rotates to
bring a desired pattern into place. Note that aperture plate 13N or 13S are used to measure a periodic
structure of a target oriented in one direction (X or Y depending on the set-up). For measurement of an
orthogonal periodic structure, rotation of the target through 90° and 270° might be implemented.
Different aperture plates are shown in Figures 3C and D. Figure 3C illustrates two further types of off-
axis illumination mode. In a first illumination mode of Figure 3C, aperture plate 13E provides off-axis
illumination from a direction designated, for the sake of description only, as ‘east’ relative to the ‘north’
previously described. In a second illumination mode of Figure 3C, aperture plate 13W is used to provide
similar illumination, but from an opposite direction, labeled ‘west’. Figure 3D illustrates two further types
of off-axis illumination mode. In a first illumination mode of Figure 3D, aperture plate 13NW provides
off-axis illumination from the directions designated ‘north’ and ‘west’ as previously described. In a
second illumination mode, aperture plate 13SE is used to provide similar illumination, but from an
opposite direction, labeled ‘south’ and ‘east’ as previously described. The use of these, and numerous
other variations and applications of the apparatus are described in, for example, the prior published patent
application publications mentioned above.

[0083] Figure 4 depicts an example composite metrology target T formed on a substrate. The
composite target comprises four periodic structures (in this case, gratings) 32, 33, 34, 35 positioned
closely together. In an embodiment, the periodic structure layout may be made smaller than the
measurement spot (i.e., the periodic structure layout is overfilled). Thus, in an embodiment, the periodic
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by the illumination beam of the metrology apparatus. In that case, the four periodic structures thus are all
simultaneously illuminated and simultaneously imaged on sensors 19 and 23. In an example dedicated to
overlay measurement, periodic structures 32, 33, 34, 35 are themselves composite periodic structures
(e.g., composite gratings) formed by overlying periodic structures, i.e., periodic structures are patterned in
different layers of the device formed on substrate W and such that at least one periodic structure in one
layer overlays at least one periodic structure in a different layer. Such a target may have outer dimensions
within 20 um x 20 pm or within 16 pm x 16 pm. Further, all the periodic structures are used to measure
overlay between a particular pair of layers. To facilitate a target being able to measure more than a single
pair of layers, periodic structures 32, 33, 34, 35 may have differently biased overlay offsets in order to
facilitate measurement of overlay between different layers in which the different parts of the composite
periodic structures are formed. Thus, all the periodic structures for the target on the substrate would be
used to measure one pair of layers and all the periodic structures for another same target on the substrate
would be used to measure another pair of layers, wherein the different bias facilitates distinguishing
between the layer pairs.

[0084] Returning to Figure 4, periodic structures 32, 33, 34, 35 may also differ in their orientation, as
shown, so as to diffract incoming radiation in X and Y directions. In one example, periodic structures 32
and 34 are X-direction periodic structures with biases of +d, -d, respectively. Periodic structures 33 and
35 may be Y-direction periodic structures with offsets +d and —d respectively. While four periodic
structures are illustrated, another embodiment may include a larger matrix to obtain desired accuracy. For
example, a 3 x 3 array of nine composite periodic structures may have biases -4d, -3d, -2d, -d, 0, +d, +2d,
+3d, +4d. Separate images of these periodic structures can be identified in an image captured by sensor
23.

[0085] Figure 5 shows an example of an image that may be formed on and detected by the sensor 23,
using the target of Figure 4 in the apparatus of Figure 3, using the aperture plates 13NW or 13SE from
Figure 3D. While the sensor 19 cannot resolve the different individual periodic structures 32 to 35, the
sensor 23 can do so. The dark rectangle represents the field of the image on the sensor, within which the
illuminated spot 31 on the substrate is imaged into a corresponding circular area 41. Within this,
rectangular areas 42-45 represent the images of the periodic structures 32 to 35. The target can be
positioned in among device product features, rather than or in addition to in a scribe lane. If the periodic
structures are located in device product areas, device features may also be visible in the periphery of this
image field. Processor and controller PU processes these images using pattern recognition to identify the
separate images 42 to 45 of periodic structures 32 to 35. In this way, the images do not have to be aligned
very precisely at a specific location within the sensor frame, which greatly improves throughput of the

measuring apparatus as a whole.
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[0086] Once the separate images of the periodic structures have been identified, the intensities of
those individual images can be measured, e.g., by averaging or summing selected pixel intensity values
within the identified areas. Intensities and/or other properties of the images can be compared with one
another. These results can be combined to measure different parameters of the lithographic process.
Overlay performance is an example of such a parameter.

[0087] In an embodiment, one of the parameters of interest of a patterning process is feature width
(e.g., CD). Figure 6 depicts a highly schematic example metrology apparatus (e.g., a scatterometer) that
can enable feature width determination. It comprises a broadband (white light) radiation projector 2 which
projects radiation onto a substrate W. The redirected radiation is passed to a spectrometer detector 4,
which measures a spectrum 10 (intensity as a function of wavelength) of the specular reflected radiation,
as shown, e.g., in the graph in the lower left. From this data, the structure or profile giving rise to the
detected spectrum may be reconstructed by processor PU, e.g. by Rigorous Coupled Wave Analysis and
non-linear regression or by comparison with a library of simulated spectra as shown at the bottom right of
Figure 6. In general, for the reconstruction the general form of the structure is known and some variables
are assumed from knowledge of the process by which the structure was made, leaving only a few
variables of the structure to be determined from the measured data. Such a metrology apparatus may be
configured as a normal-incidence metrology apparatus or an oblique-incidence metrology apparatus.
Moreover, in addition to measurement of a parameter by reconstruction, angle resolved scatterometry is
useful in the measurement of asymmetry of features in product and/or resist patterns. A particular
application of asymmetry measurement is for the measurement of overlay, where the target comprises one
set of periodic features superimposed on another. The concepts of asymmetry measurement in this
manner are described, for example, in U.S. patent application publication US2006-066855, which is
incorporated herein in its entirety.

[0088] Figure 7 illustrates an example of a metrology apparatus 100 suitable for use in embodiments
of the invention disclosed herein. The principles of operation of this type of metrology apparatus are
explained in more detail in the U.S. Patent Application Nos. US 2006-033921 and US 2010-201963,
which are incorporated herein in their entireties by reference. An optical axis, which has several branches
throughout the apparatus, is represented by a dotted line O. In this apparatus, radiation emitted by source
110 (e.g., a xenon lamp) is directed onto substrate W via by an optical system comprising: lens system
120, aperture plate 130, lens system 140, a partially reflecting surface 150 and objective lens 160. In an
embodiment these lens systems 120, 140, 160 are arranged in a double sequence of a 4F arrangement. In
an embodiment, the radiation emitted by radiation source 110 is collimated using lens system 120. A
different lens arrangement can be used, if desired. The angular range at which the radiation is incident on
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spectrum of the substrate plane. In particular, this can be done by inserting an aperture plate 130 of
suitable form between lenses 120 and 140, in a plane which is a back-projected image of the objective
lens pupil plane. Different intensity distributions (e.g., annular, dipole, etc.) are possible by using
different apertures. The angular distribution of illumination in radial and peripheral directions, as well as
properties such as wavelength, polarization and/or coherency of the radiation, can all be adjusted to obtain
desired results. For example, one or more interference filters 130 (see Figure 9) can be provided between
source 110 and partially reflecting surface 150 to select a wavelength of interest in the range of, say, 400 -
900 nm or even lower, such as 200 - 300 nm. The interference filter may be tunable rather than
comprising a set of different filters. A grating could be used instead of an interference filter. In an
embodiment, one or more polarizers 170 (see Figure 9) can be provided between source 110 and partially
reflecting surface 150 to select a polarization of interest. The polarizer may be tunable rather than
comprising a set of different polarizers.

[0089] As shown in Figure 7, the target T is placed with substrate W normal to the optical axis O of
objective lens 160. Thus, radiation from source 110 is reflected by partially reflecting surface 150 and
focused into an illumination spot S (see Figure 8) on target T on substrate W via objective lens 160. In an
embodiment, objective lens 160 has a high numerical aperture (NA), desirably at least 0.9 or at least 0.95.
An immersion metrology apparatus (using a relatively high refractive index fluid such as water) may even
have a numerical aperture over 1.

[0090] Rays of illumination 170, 172 focused to the illumination spot from angles off the axis O
gives rise to diffracted rays 174, 176. It should be remembered that these rays are just one of many
parallel rays covering an area of the substrate including target T. Each element within the illumination
spot is within the field of view of the metrology apparatus. Since the aperture in plate 130 has a finite
width (necessary to admit a useful quantity of radiation), the incident rays 170, 172 will in fact occupy a
range of angles, and the diffracted rays 174, 176 will be spread out somewhat. According to the point
spread function of a small target, each diffraction order will be further spread over a range of angles, not a
single ideal ray as shown.

[0091] At least the O™ order diffracted by the target on substrate W is collected by objective lens 160
and directed back through partially reflecting surface 150. An optical element 180 provides at least part of
the diffracted beams to optical system 182 which forms a diffraction spectrum (pupil plane image) of the
target T on sensor 190 (e.g. a CCD or CMOS sensor) using the zeroth and/or first order diffractive beams.
In an embodiment, an aperture 186 is provided to filter out certain diffraction orders so that a particular
diffraction order is provided to the sensor 190. In an embodiment, the aperture 186 allows substantially or
primarily only zeroth order radiation to reach the sensor 190. In an embodiment, the sensor 190 may be a

two-dimensional detector so that a two-dimensional angular scatter spectrum of a substrate target T can
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be measured. The sensor 190 may be, for example, an array of CCD or CMOS sensors, and may use an
integration time of, for example, 40 milliseconds per frame. The sensor 190 may be used to measure the
intensity of redirected radiation at a single wavelength (or narrow wavelength range), the intensity
separately at multiple wavelengths or integrated over a wavelength range. Furthermore, the sensor may be
used to separately measure the intensity of radiation with transverse magnetic- and/or transverse electric-
polarization and/or the phase difference between transverse magnetic- and transverse electric-polarized
radiation.

[0092] Optionally, optical element 180 provides at least part of the diffracted beams to measurement
branch 200 to form an image of the target on the substrate W on a sensor 230 (e.g. a CCD or CMOS
sensor). The measurement branch 200 can be used for various auxiliary functions such as focusing the
metrology apparatus (i.e., enabling the substrate W to be in focus with the objective 160), and/or for dark
field imaging of the type mentioned in the introduction.

[0093] In order to provide a customized field of view for different sizes and shapes of grating, an
adjustable field stop 300 is provided within the lens system 140 on the path from source 110 to the
objective lens 160. The field stop 300 contains an aperture 302 and is located in a plane conjugate with
the plane of the target T, so that the illumination spot becomes an image of the aperture 302. The image
may be scaled according to a magnification factor, or the aperture and illumination spot may be in 1:1
size relation. In order to make the illumination adaptable to different types of measurement, the aperture
plate 300 may comprise a number of aperture patterns formed around a disc, which rotates to bring a
desired pattern into place. Alternatively or in addition, a set of plates 300 could be provided and swapped,
to achieve the same effect. Additionally or alternatively, a programmable aperture device such as a
deformable mirror array or transmissive spatial light modulator can be used also.

[0094] Typically, a target will be aligned with its periodic structure features running either parallel to
the Y axis or parallel to the X axis. With regard to its diffractive behavior, a periodic structure with
features extending in a direction parallel to the Y axis has periodicity in the X direction, while the a
periodic structure with features extending in a direction parallel to the X axis has periodicity in the Y
direction. In order to measure the performance in both directions, both types of features are generally
provided. While for simplicity there will be reference to lines and spaces, the periodic structure need not
be formed of lines and space. Moreover, each line and/or space between lines may be a structure formed
of smaller sub-structures. Further, the periodic structure may be formed with periodicity in two
dimensions at once, for example where the periodic structure comprises posts and/or via holes.

[0095] Figure 8 illustrates a plan view of a typical target T, and the extent of illumination spot S in
the apparatus of Figure 7. To obtain a diffraction spectrum that is free of interference from surrounding
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diameter) of the illumination spot S. The width of spot S may be smaller than the width and length of the
target. The target in other words is ‘underfilled’ by the illumination, and the diffraction signal is
essentially free from any signals from product features and the like outside the target itself. This
simplifies mathematical reconstruction of the target as it can be regarded as infinite.

[0096] Figure 9 schematically depicts an example process of the determination of the value of one or
more variables of interest of a target pattern 30’ based on measurement data obtained using metrology.
Radiation detected by the detector 190 provides a measured radiation distribution 108 for target 30°.
[0097] For the given target 30, a radiation distribution 208 can be computed / simulated from a
parameterized mathematical model 206 using, for example, a numerical Maxwell solver 210. The
parameterized mathematical model 206 shows example layers of various materials making up, and
associated with, the target. The parameterized mathematical model 206 may include one or more of
variables for the features and layers of the portion of the target under consideration, which may be varied
and derived. As shown in Figure 9, the one or more of the variables may include the thickness ¢ of one or
more layers, a width w (e.g., CD) of one or more features, a height / of one or more features, a sidewall
angle a of one or more features, and/or relative position between features (herein considered overlay).
Although not shown, the one or more of the variables may further include, but is not limited to, the
refractive index (e.g., a real or complex refractive index, refractive index tensor, etc.) of one or more of
the layers, the extinction coefficient of one or more layers, the absorption of one or more layers, resist
loss during development, a footing of one or more features, and/or line edge roughness of one or more
features. One or more values of one or more parameters of a 1-D periodic structure or a 2-D periodic
structure, such as a value of width, length, shape or a 3-D profile characteristic, may be input to the
reconstruction process from knowledge of the patterning process and/or other measurement processes.
For example, the initial values of the variables may be those expected values of one or more parameters,
such as a value of CD, pitch, etc., for the target being measured.

[0098] In some cases, a target can be divided into a plurality of instances of a unit cell. To help ease
computation of the radiation distribution of a target in that case, the model 206 can be designed to
compute / simulate using the unit cell of the structure of the target, where the unit cell is repeated as
instances across the full target. Thus, the model 206 can compute using one unit cell and copy the results
to fit a whole target using appropriate boundary conditions in order to determine the radiation distribution
of the target.

[0099] Additionally or alternatively to computing the radiation distribution 2038 at the time of
reconstruction, a plurality of radiation distributions 208 can be pre-computed for a plurality of variations
of variables of the target portion under consideration to create a library of radiation distributions for use at

the time of reconstruction.
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[0100] The measured radiation distribution 108 is then compared at 212 to the computed radiation
distribution 208 (e.g., computed near that time or obtained from a library) to determine the difference
between the two. If there is a difference, the values of one or more of the variables of the parameterized
mathematical model 206 may be varied, a new computed radiation distribution 208 obtained (e.g.,
calculated or obtained from a library) and compared against the measured radiation distribution 108 until
there is sufficient match between the measured radiation distribution 108 and the radiation distribution
208. At that point, the values of the variables of the parameterized mathematical model 206 provide a
good or best match of the geometry of the actual target 30°. In an embodiment, there is sufficient match
when a difference between the measured radiation distribution 108 and the computed radiation
distribution 208 is within a tolerance threshold.

[0101] In these metrology apparatuses, a substrate support may be provided to hold the substrate W
during measurement operations. The substrate support may be similar or identical in form to the substrate
table WT of Figure 1. In an example where the metrology apparatus is integrated with the lithographic
apparatus, it may even be the same substrate table. Coarse and fine positioners may be provided to
accurately position the substrate in relation to a measurement optical system. Various sensors and
actuators are provided for example to acquire the position of a target of interest, and to bring it into
position under the objective lens. Typically many measurements will be made on target instances at
different locations across the substrate W. The substrate support can be moved in X and Y directions to
acquire different target instances, and in the Z direction to obtain a desired location of the target relative
to the focus of the optical system. It is convenient to think and describe operations as if the objective lens
is being brought to different locations relative to the substrate, when, for example, in practice the optical
system may remain substantially stationary (typically in the X and Y directions, but perhaps also in the Z
direction) and only the substrate moves. Provided the relative position of the substrate and the optical
system is correct, it does not matter in principle which one of those is moving in the real world, or if both
are moving, or a combination of a part of the optical system is moving (e.g., in the Z and/or tilt direction)
with the remainder of the optical system being stationary and the substrate is moving (e.g., in the X and Y
directions, but also optionally in the Z and/or tilt direction).

[0102] In an embodiment, the measurement accuracy and/or sensitivity of a target may vary with
respect to one or more attributes of the beam of radiation provided onto the target, for example, the
wavelength of the radiation beam, the polarization of the radiation beam, the intensity distribution (i.e.,
angular or spatial intensity distribution) of the radiation beam, etc. Thus, a particular measurement
strategy can be selected that desirably obtains, e.g., good measurement accuracy and/or sensitivity of the
target.

[0103] In order to monitor the patterning process (e.g., a device manufacturing process) that includes
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at least one pattern transfer step (e.g., an optical lithography step), the patterned substrate is inspected and
one or more parameters of the patterned substrate are measured / determined. The one or more parameters
may include, for example, overlay between successive layers formed in or on the patterned substrate,
critical dimension (CD) (e.g., critical linewidth) of, for example, features formed in or on the patterned
substrate, focus or focus error of an optical lithography step, dose or dose error of an optical lithography
step, optical aberrations of an optical lithography step, placement error (e.g., edge placement error), etc.
This measurement may be performed on a target of the product substrate itself and/or on a dedicated
metrology target provided on the substrate. The measurement can be performed after-development of a
resist but before etching or can be performed after-etch.

[0104] In an embodiment, a parameter obtained from a measurement process is a parameter derived
from a parameter determined directly from the measurement process. As an example, a derived parameter
obtained from a measurement parameter is edge placement error for the patterning process. The edge
placement error provides a variation in the location of an edge of a structure created by the patterning
process. In an embodiment, the edge placement error is derived from an overlay value. In an embodiment,
the edge placement error is derived from a combination of an overlay value and CD value. In an
embodiment, the edge placement is derived from a combination of an overlay value, a CD value and a
value corresponding to a local variation (e.g., edge roughness, shape asymmetry, etc. of the individual
structures). In an embodiment, the edge placement error comprises an extreme value (e.g., 3 standard
deviations, i.e., 3c0) of overlay and CD errors combined. In an embodiment, in a multi-patterning process
involving creating structures and involving “cutting” structures by removing a portion of structure
through etching of a pattern provided by the patterning process in relation to the structure, the edge

placement error has the following form (or comprises one or more of the following terms):

\/(30‘0,79,41@,)2 + (30“’" s;”‘“"m)z+(3UCD2U”"“)2 + 3UOP2E' P22 + 60 g LpE, Wherein G is standard
deviation, @ gyeriay corresponds to the standard deviation of overlay, 6¢cpy structures cOrresponds to the
standard deviation of the critical dimension uniformity (CDU) of structures created in the patterning
process, O cpy cuts corresponds to the standard deviation of the critical dimension uniformity (CDU) of
cuts, if any, created in the patterning process, @gpg pga corresponds to the standard deviation of optical
proximity effects (OPE) and/or proximity bias average (PBA) which is a difference between CD at pitch
to a reference CD, and 6 gg 1 pg corresponds to the standard deviation of line edge roughness (LER)
and/or local placement error (LPE). While formulation above is in relation standard deviation, it can be
formulated in a different comparable statistical manner, such as variance.

[0105] There are various techniques for making measurements of the structures formed in the

patterning process, including the use of a scanning electron microscope, an image-based measurement
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tool and/or various specialized tools. As discussed above, a fast and non-invasive form of specialized
metrology tool is one in which a beam of radiation is directed onto a target on the surface of the substrate
and properties of the scattered (diffracted/reflected) beam are measured. By evaluating one or more
properties of the radiation scattered by the substrate, one or more properties of the substrate can be
determined. This may be termed diffraction-based metrology. One such application of this diffraction-
based metrology is in the measurement of feature asymmetry within a target. This can be used as a
measure of overlay, for example, but other applications are also known. For example, asymmetry can be
measured by comparing opposite parts of the diffraction spectrum (for example, comparing the -1st and
+1* orders in the diffraction spectrum of a periodic grating). This can be done as described above and as
described, for example, in U.S. patent application publication US2006-066855, which is incorporated
herein in its entirety by reference. Another application of diffraction-based metrology is in the
measurement of feature width (CD) within a target. Such techniques can use the apparatus and methods
described above in respect of Figures 6-9.

[0106] Now, while these techniques are effective, it is desirable to provide a new measurement
technique that derives feature asymmetry within a target (such as overlay, CD asymmetry, sidewall angle
asymmetry, etc.). This technique can be effective for specially designed metrology targets or perhaps
more significantly, for determining feature asymmetry directly on a device pattern.

[0107] Referring to Figure 10, principles of this measurement technique are described in the context
of an overlay embodiment. In Figure 10A, a geometrically symmetric unit cell of a target T is shown. The
target T can comprise just a single physical instance of a unit cell or can comprise a plurality of physical
instances of the unit cell as shown in Figure 10C.

[0108] The target T can be a specially designed target. In an embodiment, the target is for a scribe
lane. In an embodiment, the target can be an in-die target, i.e., the target is among the device pattern (and
thus between the scribe lanes). In an embodiment, the target can have a feature width or pitch comparable
to device pattern features. For example, the target feature width or pitches can be less than or equal to
300% of the smallest feature size or pitch of the device pattern, be less than or equal to 200% of the
smallest feature size or pitch of the device pattern, be less than or equal to 150% of the smallest feature
size or pitch of the device pattern, or be less than or equal to 100% of the smallest feature size or pitch of
the device pattern.

[0109] The target T can be a device structure. For example, the target T can be a portion of a
memory device (which often has one or more structures that are, or can be, geometrically symmetric as
discussed further below).

[0110] In an embodiment, the target T or a physical instance of the unit cell can have an area of less

than or equal to 2400 square microns, an area of less than or equal to 2000 square microns, an area of less
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than or equal to 1500 square microns, an area of less than or equal to 1000 square microns, an area of less
than or equal to 400 square microns, less than or equal to 200 square microns, less than or equal to 100
square microns, less than or equal to 50 square microns, less than or equal to 25 square microns, less than
or equal to 10 square microns, less than or equal to 5 square microns, less than or equal to 1 square
micron, less than or equal to 0.5 square microns, or less than or equal to 0.1 square microns. In an
embodiment, the target T or a physical instance of the unit cell has a cross-sectional dimension parallel to
the plane of the substrate of less than or equal to 50 microns, less than or equal to 30 microns, less than or
equal to 20 microns, less than or equal to 15 microns, less than or equal to 10 microns, less than or equal
to 5 microns, less than or equal to 3 microns, less than or equal to 1 micron, less than or equal to 0.5
microns, less than or equal to 0.2 microns, or less than or equal to 0.1 microns.

[0111] In an embodiment, the target T or a physical instance of the unit cell has a pitch of structures
of less than or equal to less than or equal to 5 microns, less than or equal to 2 microns, less than or equal
to 1 micron, less than or equal to 500 nm, less than or equal to 400 nm, less than or equal to 300 nm, less
than or equal to 200 nm, less than or equal to 150 nm, less than or equal to 100 nm, less than or equal to
75 nm, less than or equal to 50 nm, less than or equal to 32 nm, less than or equal to 22 nm, less than or
equal to 16 nm, less than or equal to 10 nm, less than or equal to 7 nm or less than or equal to 5 nm.
[0112] In an embodiment, the target T has a plurality of physical instances of the unit cell. Thus, a
target T could typically have the higher dimensions listed here, while the physical instances of the unit
cell will have the lower dimensions listed here. In an embodiment, the target T comprises 50,000 or more
physical instances of the unit cell, 25,000 or more physical instances of the unit cell, 15,000 or more
physical instances of the unit cell, 10,000 or more physical instances of the unit cell, 5,000 or more
physical instances of the unit cell, 1000 or more physical instances of the unit cell, 500 or more physical
instances of the unit cell, 200 or more physical instances of the unit cell, 100 or more physical instances
of the unit cell, 50 or more physical instances of the unit cell, or 10 or more physical instances of the unit
cell.

[0113] Desirably, the physical instance of the unit cell or the plurality of physical instances of the
unit cell collectively fills a beam spot of the metrology apparatus. In that case, the measured results
comprise essentially only information from the physical instance of the unit cell (or its plurality of
instances). In an embodiment, the beam spot has a cross-sectional width of 50 microns or less, 40 microns
or less, 30 microns or less, 20 microns or less, 15 microns or less, 10 microns or less, 5 microns or less, or
2 microns or less.

[0114] The unit cell in Figure 10A comprises at least two structures that are, or will be, physically
instantiated on the substrate. A first structure 1000 comprises lines and a second structure 1005 comprises

an oval-type shape. Of course, the first and second structures 1000, 1005 can be different structures than
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depicted.

[0115] Further, in this example, there can be a relative shift between the first and second structures
1000, 1005 from their expected position due to their separate transfer onto the substrate so as to have an
error in overlay. In this example, the first structure 1000 is located in a higher layer on a substrate than the
second structure 1005. Thus, in an embodiment, the second structure 1005 can be produced in a first
lower layer in a first execution of a patterning process and the first structure 1000 can be produced in a
second higher layer than the first lower layer in a second execution of the patterning process. Now, it is
not necessary that the first and second structures 1000, 1005 be located in different layers. For example,
in a double patterning process (including, for example, an etching process as part thereof), the first and
second structures 1000, 1005 could be produced in a same layer to form essentially a single pattern but
there could still be an “overlay” concern in terms of their relative placement within the same layer. In this
single layer example, both the first and second structures 1000, 1005 could have, for example, the form of
lines like shown in Figure 10A for the first structure 1000 but the lines of the second structure 1005,
already provided on the substrate by a first pattern transfer process, could be interleaved with the lines of
the structure 1000 provided in a second pattern transfer process.

[0116] Significantly, the unit cell has, or is capable of having, a geometric symmetry with respect to
an axis or point. For example, the unit cell in Figure 10A has reflection symmetry with respect to, for
example, axis 1010 and point / rotational symmetry with respect to, for example, point 1015. Similarly, it
can be seen that a physical instance of the unit cell (and thus a combination of physical instances of the
unit cell) in Figure 10C has a geometric symmetry.

[0117] In an embodiment, the unit cell has a geometric symmetry for a certain feature (such as
overlay). Embodiments herein focus on the unit cell having zero overlay when it is geometrically
symmetric. However, instead, the unit cell can have zero overlay for a certain geometric asymmetry.
Appropriate offsets and calculations would then be used to account for the unit cell having a zero overlay
when it has a certain geometric asymmetry. Pertinently, the unit cell should be capable of change in
symmelry (e.g., become asymmetry, or become further asymmetric, or become symmetric from an
asymmetric situation) depending on the certain feature value.

[0118] In the example of Figure 10A, the unit cell has a geometric symmetry for a zero overlay
(although it need not be zero overlay). This is represented by the arrows 1020 and 1025 which shows that
the lines of the first structure 1000 are evenly aligned with respect to the oval-type shape of the second
structure 1005 (and which even alignment at least in part enables the unit cell to have geometric
symmetry as shown in Figure 10A). So, in this example, when the unit cell has geometric symmetry, there
is zero overlay. However, when there is an error in overlay (e.g., a non-zero overlay), the unit cell is no

longer geometrically symmetric and by definition the target is no longer geometrically symmetric.
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[0119] Further, where a target comprises a plurality of physical instances of the unit, the instances of
the unit cell are arranged periodically. In an embodiment, the instances of the unit cell are arranged in a
lattice. In an embodiment, the periodic arrangement has a geometric symmetry within the target.

[0120] So, in this technique, as discussed further hereafter, advantage is taken of the change in
geometric symmetry (e.g., a change to a geometric asymmetry, or change to a further geometric
asymmelry, or a change from geometric asymmetry to geometric symmetry) related to a feature
asymmetry of interest (e.g., non-zero overlay) to be able to determine the feature asymmetry (e.g., non-
zero overlay).

[0121] A target comprising a physical instance of the unit cell of Figure 10A can be illuminated with
radiation using, for example, the metrology apparatus of Figure 7. The radiation redirected by the target
can be measured, e.g., by detector 190. In an embodiment, a pupil of the redirected radiation is measured,
i.e., a Fourier transform plane. An example measurement of such a pupil is depicted as pupil image 1030.
While the pupil image 1030 has a diamond-type shape, it need not have such a shape. The term pupil and
pupil plane herein includes any conjugates thereof unless the context otherwise requires (for example,
where a pupil plane of a particular optical system is being identified). The pupil image 1030 is effectively
an image, specified in terms of an optical characteristic (in this case intensity), of a pupil of the redirected
radiation.

[0122] For convenience, the discussion herein will focus on intensity as an optical characteristic of
interest. But, the techniques herein may be used with one or more alternative or additional optical
characteristics, such as phase and/or reflectivity.

[0123] Further, for convenience, the discussion herein focuses on detecting and processing images of
redirected radiation and in particular pupil images. However, the optical properties of the redirected
radiation can be measured and represented in different manners than images. For example, the redirected
radiation can be processed in terms of one or more spectrums (e.g., intensity as a function of wavelength).
Thus, a detected image of redirected radiation can be considered as an example of an optical
representation of the redirected radiation. So, in the case of a pupil plane image, a pupil image is an
example of a pupil representation.

[0124] Further, the redirected radiation can be polarized or non-polarized. In an embodiment, the
measurement beam radiation is polarized radiation. In an embodiment, the measurement beam radiation is
linearly polarized.

[0125] In an embodiment, a pupil representation is of primarily, or substantially, one diffraction
order of redirected radiation from the target. For example, the radiation can be 80% or more, 85% or
more, 90% or more, 95% or more, 98% or more or 99% or more, of a particular order of the radiation. In

an embodiment, the pupil representation is of primarily, or substantially, zeroth order redirected radiation.
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This can occur, for example, when the pitch of the target, the wavelength of the measurement radiation,
and optionally one or more other conditions cause the target to redirect primarily zeroth order (although
there can be radiation of one or more higher orders). In an embodiment, a majority of the pupil
representation is zeroth order redirected radiation. In an embodiment, the pupil representation is of zeroth
radiation and separately of 1 order radiation, which can then be linearly combined (superposition). The
aperture 186 in Figure 7 can be used to select a particular order, e.g., the zeroth order, of radiation.

[0126] Having regard to pupil image 1030 corresponding to the geometrically symmetric unit cell of
the first and second structures 1000, 1005, it can be seen that the intensity distribution is essentially
symmetric within the pupil image (e.g., with the same symmetry type as of the geometric structure). This
is further confirmed by removing the symmetric intensity distribution portion from the pupil image 1030,
which results in the derived pupil image 1035. To remove the symmetric intensity distribution portion, a
particular pupil image pixel (e.g., a pixel) can have the symmetric intensity distribution portion removed
by subtracting from the intensity at that particular pupil image pixel the intensity of a symmetrically
located pupil image pixel, and vice versa. In an embodiment, the pixel can correspond to the pixels of the
detector (e.g., detector 190), but it need not; for example, a pupil image pixel could be a plurality of the
pixels of the detector. In an embodiment, the point or axis of symmetry across which pixel intensities are
subtracted corresponds with a point or axis of symmetry of the unit cell. So, for example, considering
pupil image 1030, the symmetry intensity distribution portion can be removed by, for example,
subtracting from the intensity I; at that particular pixel shown the intensity I;” from a symmetrically
located pixel, i.e., symmetrically located with respect to axis 1032. Thus, the intensity at a particular pixel
with the symmetrical intensity portion removed, S;, is then S; =I; - I;’. This can be repeated for a plurality
of pixels of the pupil image, e.g., all the pixels in the pupil image. As seen in the derived pupil image
1035, the intensity distribution corresponding to the symmetric unit cell is essentially completely
symmetric. Thus, a symmetric target with a symmetric unit cell geometry (and if applicable, a certain
periodicity of instances of the unit cell) results in a symmetric pupil response as measured by a metrology
apparatus.

[0127] Referring now to Figure 10B, an example of an error in overlay is depicted with respect to the
unit cell depicted in Figure 10A. In this case, the first structure 1000 is shifted in the X-direction with
respect to the second structure 1005. In particular, the axis 1010 centered on the lines of the first structure
1000 has shifted to the right in Figure 10B to axis 1045. Thus, there is an error in the overlay 1040 in the
X-direction; that is, an X direction overlay error. Of course, the second structure 1005 could be shifted
relative to the first structure 1000 or both could be shifted relative to each other. In any event, the result is
an X direction overlay error. However, as should be appreciated from this unit cell arrangement, a purely

relative shift in the Y-direction between the first structure 1000 and the second structure 1005 would not
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change the geometric symmetry of this unit cell. But, with an appropriate geometric arrangement, overlay
in two directions or between different combinations of parts of the unit cell can change symmetry and
could also be determined, as further discussed below.

[0128] As a consequence of the change in the physical configuration of the unit cell from the
nominal physical configuration of the unit cell in Figure 10A and represented by the error in overlay
1040, the result is that the unit cell has become geometrically asymmetric. This can be seen by the arrows
1050 and 1055 of different length, which show that the oval-type shape of the second structure 1005 is
unevenly located relative to the lines of the first structure 1000. The symmetry is examined with respect
to the point or axis of symmetry of the pupil image 1030, i.e. in that case, axis 1032 which is now shown
axis 1034.

[0129] The physical instance of the unit cell of Figure 10B can be illuminated with radiation using,
for example, the metrology apparatus of Figure 7. A pupil image of the redirected radiation can be
recorded, e.g., by detector 190. An example of such a pupil image is depicted as pupil image 1060. The
pupil image 1060 is effectively an image of the intensity. While the pupil image 1060 has a diamond-type
shape, it need not have such a shape; it can be a circular shape or any other shape. Moreover, the pupil
image 1060 is of a substantially same axis or coordinate location as pupil image 1030. That is, in this
embodiment, an axis of symmetry 1010 in the unit cell of Figure 10A and the same axis in the unit cell of
Figure 10B align with an axis of symmetry 1032 of the pupil images 1030, 1060.

[0130] Having regard to pupil image 1060 corresponding to the geometrically asymmetric unit cell
of the first and second structures 1000, 1005, it visually seems like the intensity distribution is essentially
symmetric within the pupil image. However, there is an asymmetric intensity distribution portion within
the pupil image. This asymmetric intensity distribution portion is due to the asymmetry in the unit cell.
Moreover, the asymmetric intensity distribution is significantly lower in magnitude than a symmetric
intensity distribution portion in the pupil image.

[0131] So, in an embodiment, to more effectively isolate the asymmetric intensity distribution
portion, the symmetric intensity distribution portion can be removed from the pupil image 1060, which
results in the derived pupil image 1065. Like with obtaining derived pupil image 1035, a particular pupil
image pixel (e.g., a pixel) can have the symmetric intensity distribution portion removed by subtracting
from the intensity at that particular pupil image pixel the intensity of a symmetrically located pupil image
pixel, and vice versa, as discussed above. So, for example, considering pupil image 1060, the symmetry
intensity distribution portion can be removed by, for example, subtracting from the intensity I; at that
particular pixel shown the intensity I;’ from a symmetrically located pixel, i.e., symmetrically located
with respect to axis 1032 to yield Si. This can be repeated for a plurality of pixels of the pupil image, e.g.,
all the pixels in the pupil image. In Figures 10A and 10B, the full derived pupil images of S; are depicted
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for explanation purposes. As will be appreciated, half of a derived pupil image of Figure 10A or 10B is
the same as the other half thereof. So, in an embodiment, the values from only half of the pupil image can
be used for further processing discussed herein and so a derived image pupil used in further processing
herein can be only half of the Si. values for a pupil.

[0132] As seen in the derived pupil image 1063, the intensity distribution measured using a physical
instance of an asymmetric unit cell is not symmetric. As seen in regions 1075 and 1080, there is an
asymmetric intensity distribution portion visible once the symmetric intensity distribution portion is
removed. As noted above, the full derived pupil image 1065 is shown and so the asymmetric intensity
distribution portion is shown on both halves (even though they are equal to each other in terms of
magnitude and distribution in their respective halves).

[0133] Thus, an asymmetry in the geometrical domain corresponds to an asymmetry in the pupil. So,
in an embodiment, a method is provided that uses the optical response of a periodic target that possesses,
or is capable of, inherent geometric symmetry in its physical instance of a unit cell to determine a
parameter corresponding to a physical configuration change that causes a change in geometric symmetry
(e.g., cause an asymmetry, or cause a further asymmetry, or cause an asymmetric unit cell to become
symmetric) of the physical instance of the unit cell. In particular, in an embodiment, an overlay induced
asymmetry (or lack thereof) in the pupil as measured by a metrology apparatus can be exploited to
determine the overlay. That is, the pupil asymmetry is used to measure the overlay within the physical
instance of the unit cell and thus within the target.

[0134] To consider how to determine the parameter corresponding to a physical configuration
change that causes a geometric asymmetry in a unit cell, the intensity of a pixel in the pupil image can be
considered in terms of the physical characteristics of the target that impact that pixel. To do so, an overlay
example will be considered but the techniques and principles can be extended to another parameter
corresponding to a physical configuration change that causes a geometric asymmetry in a unit cell (e.g.,
asymmetric sidewall angle, asymmetric bottom wall tilt, ellipticity in contact holes, etc.).

[0135] Referring back to the unit cells of Figures 10A and 10B, the intensity of a pixel I;, I'; in the
pupil image 1060 can be evaluated analytically as a combination of intensity components attributable to
different physical characteristics of the unit cell. In particular, the physical configuration changes from the
symmetric unit cell to the asymmetric unit cell can be evaluated to determine in what manner the intensity
distribution changes and specifically within a pupil image.

[0136] So, in a very simple example to illustrate the principles, several changes in physical
configuration of the unit cell profile can be evaluated (but of course more or different physical
configuration changes can occur). One of the physical configuration changes that will be considered is the

change in height of the structure 1000 in the Z direction, which is designated as Ax;. But, significantly,
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this change in height will generally be uniform across the physical instance of the unit cell. That is, the
Axp will result in a same changed physical configuration of the unit cell at one side of an axis or point of
symmetry as at another side of the axis or point of symmetry. Similarly, other physical configuration
changes, such as CD, sidewall angle, etc. changes, will also be generally uniform across the physical
instance of the unit cell and thus yield a same changed physical configuration of the unit cell at one side
of an axis or point of symmetry as at another side of the axis or point of symmetry. So, for convenience,
only Axpwill be considered, but is representative of numerous other physical configuration changes that
are uniform across the unit cell.

[0137] Another one of the physical configuration changes of the unit cell of interest is the relative
shift between structure 1000 and structure 1005, namely the change in overlay 1040. This overlay shift
will be referred to as Ax,,,. Of course, the overlay can be considered in a different or additional direction.
Significantly, the Ax,,, will result in a different physical configuration of the unit cell at one side of an
axis or point of symmetry than at another side of the axis or point of symmetry; each pair of symmetric
pixels has information about overlay. Significantly, while change in most target profile parameters (CD,
height, etc.) induce symmetric changes in the pupil (and thus can be considered symmetric parameters),
change in overlay results in an asymmetric change in the measured pupil. Thus, a change in overlay gives
an asymmetric pupil response. Further, most, if not all, other unit cell profile parameters do not create
asymmetry of the unit cell or the pupil response. However, they can have an effect on the measured
overlay value. As discussed below, to the first order, other unit cell profile parameters may have no effect.
In an embodiment, to a second or higher order, other unit cell profile parameters have an effect on
determination of the overlay value. Hence, as discussed in more detail below, by measuring the pupil
asymmetry, overlay can be determined therefrom.

[0138] Specifically, to evaluate how overlay can be determined from a measured pupil asymmetry,

the intensity /; of a pixel i in the pupil image 1060 can be defined as:

I; = Iy + alx,, + dAxy, + bAx,,Axy, + eAx2, + fAxE + - cAx3, + - (1)

where [ is a base intensity attributable to the illumination radiation and a, e, f and g are coefficients. So,
similarly, the intensity of the complementary symmetric pixel I'; in the pupil image 1060 can be defined
as:

I'y =1+ a'Ax,, + d'Axp, + b'Ax,,Axy, + e'Ax2, + f'Axi: + - c'Ax3, + - )

where coefficients a’, b’, ¢’, d’, ¢’ and f* are specific to the intensity of the complementary symmetric
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pixel I'; and are related to the coefficients a, b, ¢, d, e and f for the intensity of a pixel /; in the pupil
image 1060.
[0139] The difference of the intensity S; = I; — I between the symmetric pixels in the pupil

image 1060 can then be evaluated as:

S;=1,—1I] = (a—a' )Ax,, + (b — b)Ax,,Axp, + (¢ — ¢ AXE, + - 3)

It has been discovered that due to, e.g., symmetry, all the terms that can contain only symmetric
parameters, such as eAxy,, drop out as seen in equation (3). Further, due to, e.g., symmetry, the terms with
an even power of overlay have been discovered to be equal for symmetrically positioned pixels and so
terms such AxZ2, likewise drop out. That leaves, terms that have a combination of overlay with a
symmetric parameter and terms that have only overlay to an odd power (e.g., to the powerof 1, 3, 5, 7,
etc.).

[0140] In equation (3) above, it has been discovered that the difference of the intensity S; is
primarily dependent on aAx,,,. That is, the difference of the intensity S; is in great part linearly dependent
on overlay or more significantly, overlay is in great part linearly dependent on the intensity, specifically
the difference of the intensity S;. Thus, a combination of the intensities of the pixels can yield a good
estimated value of the overlay when linearly combined with an appropriate conversion factor.

[0141] So, in an embodiment, it has been discovered that an overlay can be determined from a
combination of intensities of the pixels that are appropriately weighted (wherein the weighting themselves
acts a conversion factor of intensity to overlay or that can be combined with a conversion factor from

intensity to overlay). In an embodiment, an overlay signal can be described as:

M =Y, w;S; @)

wherein the overlay signal M is the weighted combination of the signal components S; in the measured
pupil and w; are the respective weights for each of the signal components S; (and the weights act as a
conversion factor between the signal component and overlay; as noted above, instead, a conversion factor
could be used in combination with weights that do not act to convert the signal component to overlay). In
an embodiment, the weights w; are a vector whose magnitude is related to the overlay. As noted above,
the signal components S; can be determined for half of the measured pupil. In an embodiment, if the
signal components S; have a substantially same magnitude for all pairs (N/2) of symmetric pixels (N),
then the signal components S; can be averaged and combined with a conversion factor C from the total of

the signal components S; to overlay according to the following formula to yield a total overlay: M =
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C EZ?I/ 2 S;. So, in an embodiment, the weights can have two roles — one is as a trust per pair of pixels in

respect of its measurement of overlay and the other role is to convert a value of the optical characteristic
of the signal component (e.g., intensity level, e.g., gray level) to an overlay value (in terms of, e.g.,
nanometers), As discussed above, the second role can be delegated to a conversion factor.

[0142] But, where, e.g., the signal components S; do not have a substantially same magnitude for all
pairs of symmetric pixels, weighting all pixels in the measured pupil equally could result in a low signal-
to-noise ratio (poor precision). So, it is desirable to weight those pixels that are sensitive to overlay to
have a greater contribution to the calculation of the overlay. So, in an embodiment, pixels sensitive to
overlay get different (e.g., higher) weights than those pixels that have low sensitivity to overlay
(effectively inactive pixels). As noted above, the pixels in regions 1075 and 1080 of the derived pupil
1065 have relatively higher sensitivity to overlay while the remaining pixels in the derived pupil 1065,
which have low to no intensity relative to the pixels in regions 1075 and 1080, have low sensitivity to
overlay (and accordingly should be weighted to have lower contribution to the overlay determination).
[0143] In an embodiment, the weights are effectively determined for the aAx,,, term of equation (3).
In an embodiment, the weights can be extended to be determined for the aAx,, term as well as the
bAx,,Axy(and typically other comparable terms for other parameters, such as CD, sidewall angle, etc.).
However, this calculation can be more complex than determining the weights effectively only for the
alx,,, term of equation (3). Moreover, there is a tradeoff between robustness to non-linear processes (for
symmetric parameters) and precision of determining overlay (i.e., in terms of how close the determined
values are for each determination of the same actual overlay). So, there can be a sacrifice of precision for
enhanced robustness using this calculation. Accordingly, an optimization can be performed to enhance
precision (e.g., maximizing the influence of the linear terms and suppressing the non-linear terms),
enhance robustness (e.g., maximizing the non-linear terms) or find a balance of both. But, in any event,
the use of a combination of intensities linearly combined with associated weightings can lead to a quick
determination of overlay as it requires merely a pupil acquisition and simple calculation of equation (4).
[0144] In an embodiment, where higher order terms become significant, a non-linear solution
technique can be adopted to solve equation (3) having the cAx3,, and/or other higher order terms. As will
be appreciated, a non-linear solution technique can be more complex than simply multiplying each signal
components S; in the measured pupil with a respective weight w; for each signal components S; and then
adding all of them up. Moreover, there is again tradeoff between robustness to non-linear processes and
precision of determining overlay (i.e., in terms of how close the determined values are for each
determination of the same actual overlay). So, there can be a sacrifice of precision for enhanced

robustness using this calculation. Accordingly, an optimization can be performed to enhance precision
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and/or enhance robustness.

[0145] So, with the realization of an asymmetric intensity distribution arising from a geometric
asymmetry of a unit cell caused by overlay, the error in overlay can be determined through an analysis
that has a focus on this asymmetric intensity distribution. Thus, a technique for determining overlay from
the asymmetric intensity distribution arising due to the change in physical configuration of a target
associated with overlay will now be discussed.

[0146] Referring to Figure 11, a method of determining the weights is schematically depicted. To
enable the weight determination, the reconstruction techniques described above with respect to Figure 9
will be used to advantage. That is, in an embodiment, CD reconstruction is used to isolate an overlay
signal from a pupil image of a physical instance of an asymmetric unit cell.

[0147] The method of Figure 11 involves two processes. A first process 1100 involves using
reconstruction techniques for CD and/or one or more other profile parameters of a target to derive a
nominal profile of the target (and thus of the one or more physical instances of the unit cell therein) as
exposed on a substrate as part of a patterning process. With the nominal profile of the target, the basic
engine of the reconstruction technique is used in process 1110 to derive the weightings. The weightings
can then be used to derive overlay from a measured pupil as described further in relation to Figure 12.
[0148] So, at process 1100, measurements 1130 of a substrate having one or more physical instances
of a unit cell of interest provided thereon as a target, are obtained. In an embodiment, the measurements
are of the target after etch. In an embodiment, the measurements are of the target after development but
before etch. In an embodiment, the target is a device structure. In an embodiment, the measurements can
be made, or have been made, using a metrology apparatus such as the metrology apparatus of Figure 7.
For example, the target can comprise a physical instance of the unit cell of Figure 10A or Figure 10B, e.g.
a single instance or a plurality of adjacent instance as shown in Figure 10C. In an embodiment,
measurements of a plurality of instances of a target (and thus of a plurality of physical instances of the
unit cell) are obtained. In an embodiment, the measurements are of target instances that are distributed
across the substrate. In an embodiment, a plurality of substrates, each with one or more target instances
(each having one or more physical instances of the unit cell), is measured. So, in an embodiment, a
radiation distribution 108 is obtained for each measured target.

[0149] Then, a reconstruction process at 1100, such as the reconstruction process described in and
with respect to Figure 9, is used to derive a nominal profile of the physical instance of the unit cell,
comparable to the profile 206 of Figure 9. The reconstruction process obtains an expected profile 1120 of
the physical instance of the unit cell to start and facilitate the reconstruction process. In an embodiment,
the derived nominal profile is obtained from an average of the profile of target instances across one or

more substrates. For example, the radiation distribution 108 for each target can be processed to derive a
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particular profile of that instance of the target and then the profiles for the plurality of instances of the
target can be averaged together to derive the nominal profile. In an embodiment, the nominal profile
comprises at least a geometric profile of the target. In an embodiment, the geometric profile is a 3-D
profile. In an embodiment, the nominal profile comprises information regarding one or more materials
properties of one or more layers making up the physical target.

[0150] So, in an embodiment, the nominal profile can be considered as a center of gravity for the
values of various parameters of the profile of the target (and thus the unit cell) obtained from measuring
numerous instances of the target across the substrate and optionally on more than one substrate. But, in an
embodiment, the nominal profile can have different forms and be more specific. For example, the nominal
profile can be defined for one or more particular instances of a target (e.g., by using values from the same
target location(s) from multiple substrates). As another example, the nominal profile can be defined for a
particular substrate (e.g., by using values from only that substrate). In an embodiment, the nominal profile
can be tuned for a particular target and/or substrate as part of the process of Figure 12. For example, when
the target and/or substrate is measured as part of the process of Figure 12, a reconstruction technique can
be used with the measured data to fine tune the nominal profile for that target and/or substrate, the fine-
tuned nominal profile can then be used as the nominal profile herein to determine weights and which
weighs can then be used with the same measured data to yield one or more overlay values.

[0151] The reconstructed nominal profile 1140 is then provided to process 1110. Thus, in an
embodiment, process 1110 uses a derived nominal profile of the target, e.g., a geometric after-etch profile
of the unit cell of a device derived from measured data. In an embodiment, the nominal profile can be in
the form of a parameterized model, like model 206 parameterized in accordance with the measured unit
cell. Thus, in an embodiment, process 1110 uses a derived profile model of the unit cell, e.g., a model of
the geometric after-etch profile of the physical instance of a unit cell of a device derived from measured
data.

[0152] The basic engine of the reconstruction technique described herein is used in process 1110,
along with the derived profile or the derived profile model, to derive the weightings. In an embodiment,
the derived profile model or a derived profile model derived from the derived profile is used to determine
pupil pixels sensitive to overlay in the unit cell. In particular, in an embodiment, the sensitivity to overlay
of pupil response is determined by, using simulations (e.g., the Maxwell solver), to determine a change in
pupil response to an induced change in overlay for the nominal profile.

[0153] This can be accomplished by causing the derived profile model to be changed such that an
overlay change of a certain amount is induced (e.g., 1 nm) in the model, leaving all other
parameters/variables of the derived profile model unchanged. This effectively causes a symmetric unit
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symmelry (including to become further asymmetric or to become symmetric from an asymmetric
situation).

[0154] A pupil as would be expected in the metrology apparatus (e.g., for radiation at a certain
measurement beam wavelength, measurement beam polarization, measurement beam intensity, etc.) can
then be derived (e.g., using a Maxwell solver, a library search or other reconstruction technique) based on
the derived profile model with the induced overlay change. Where the physical instance of the unit cell is
smaller than a beam spot, the reconstruction can treat the beam spot as being filled with physical instances
of the unit cell. In an embodiment, the derived pupil can be a simulated pupil image 1060 and/or a derived
pupil image 1065 based on the simulated pupil image.

[0155] The derived pupil can be then used to determine the sensitivities of the intensity in a plurality
of the pupil pixels to overlay change, for example by comparison with a derived pupil for the unit cell
without the induced overlay (for example, the derived pupil for the unit cell without the induced overlay
can be a simulated pupil image 1030 and/or a derived pupil image 1035 based on the simulated pupil
image). In an embodiment, these sensitivities form the basis of the weightings.

[0156] In an embodiment, the pixels of the pupil (and thus the pixel intensities, signal components
S;, etc.) can be expressed as a vector. In an embodiment, the weightings can then be derived from a
Jacobian matrix generated in the modelling. In an embodiment, the weightings can be derived from a
Moore-Penrose pseudo inverse of the Jacobian matrix generated in the modelling. So, the weights are
effectively determined for the aAx,,, term of equation (3). The weightings derived from the Jacobian
matrix or the Moore-Penrose pseudo inverse of the Jacobian matrix appear to apply well for the relatively
modest overlay variations (e.g., within + 3 nm or within + 4 nm or within + 5 nm).

[0157] In an embodiment, the weights can be extended to be determined for the aAx,,, term as well
as the bAx,,Ax; (and typically other comparable terms for other parameters, such as CD, sidewall angle,
etc.). In this case, the weightings are, or can be derived from, a Hessian matrix generated in the modelling
in addition to the Jacobian matrix. The Hessian shows how the response to the overlay changes due to a
change of a certain amount of another (symmetric) parameter (such as CD). So, for every such parameter
there is a column in the Hessian. In an embodiment, to be (more) robust, the weights could be altered such
that they become more orthogonal to the column (parameter) for which the unit cell is sensitive. To
become more orthogonal, the one or more sensitive columns can be concatenated to the Jacobian, and
then the Moore-Penrose pseudo inverse can be computed from this Jacobian with one or more columns
from the Hessian concatenated thereto. From this computation, the weights follow. However, this
calculation can be more complex and thus may be suitable for those situations where overlay values in
practice are expected to exceed the overlay variation range for which the weightings derived from the

(Moore-Penrose pseudo inverse of) Jacobian matrix show good results.
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[0158] In an embodiment, the weights can be extended to be determined for other terms of equation
(3). In that case, the weightings are, or can be derived from, third order derivatives generated in the
modelling in addition to the Jacobian matrix.

[0159] As noted above, the nominal profile could be a fine-tuned nominal profile per target or
substrate. For example, when the particular target or substrate is measured as part of the process of Figure
12, a reconstruction technique can be used with the measured data to fine tune the nominal profile for that
target or substrate. Now, depending on the fine-tuning, the weights can be (re-)determined and/or a choice
made between the type of weighting being made (e.g., Jacobian or a combination of the Jacobian and
Hessian). For example, weights, based on a nominal profile that wasn’t fine-tuned, may have been
previously selected to suppress the effect of Axj, but if the fine-tuning identifies and updates the Axy, for
the target and/or substrate, the effect of Ax, may not need to be suppressed. Thus, weights could be
chosen that more favor precision over robustness.

[0160] So, from process 1110, a collection (e.g., a vector) of weights w; can be output. The weights
w; themselves can act as a conversion factor of intensity to overlay or they can be combined with a
conversion factor from intensity to overlay (which conversion factor can be derived as part of the same
modelling). As will be appreciated from pupil image 1065, the pixels in the regions 1075 and 1080 have
relatively higher sensitivity to overlay than pixels outside of regions 1075 and 1080 and thus their
weightings will be noticeably different (e.g., higher) than the weighting of pixels outside of region 1075
and 1080 (which pixels have relatively low sensitivity to overlay). So, when the weights are combined
(such as according to equation (4)) with measured intensity values of a target having one or more physical
instances of the unit cell, an overlay signal can be obtained for the particular target (such as a device
pattern having a physical instance of the unit cell).

[0161] Further, one or more measurement parameters can be determined to form a measurement
strategy for use in obtaining the measured intensity values of the target. One or more measurement
parameters can affect the overlay sensitivity of pixels. For example, overlay sensitivity varies across
different measurement beam wavelengths. So, in an embodiment, one or more measurement parameters
(such as wavelength, polarization, dose, a number of optical characteristic readings taken by a detector
sensor of a particular one illumination of the target (the readings typically averaged to provide an
averaged optical characteristic value for the measurement of the target)) can be varied as part of the
modelling process 1110. For example, one or more measurement parameters can be examined for a
particular induced overlay change to determine a value of the one or more measurement parameters that
reduces an error residual, for example between an overlay obtained when the weightings are for one value
of the one or more parameters in relation to overlay obtained when the weightings are for another value of

the one or more parameters, to a minimum or below a certain threshold. So, a value of one or more
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measurement parameters can then be obtained that improve precision.

[0162] Further, robustness to process variations differs across different values of one or more
measurement parameters. For example, in particular, robustness to process variations differs across
different values of measurement beam wavelength and/or measurement polarization. Thus, in an
embodiment, the weighting scheme should address at least a dominant contributor to lack of robustness to
process variation. So, additionally or alternatively to determining a value of one or more measurement
parameters for improved precision, one or more measurement parameters can be examined for different
particular induced overlay change values (and/or for particular induced changes of one or more other
parameters of the derived profile model, such as a change in CD, side wall angle, etc.) to obtain a value of
one or more measurement parameters that enables results using the weightings that have enhanced
robustness to process variation. For example, for different amounts of induced overlay change, various
values of the one or more measurement parameters can be evaluated to determine a value of the one or
more measurement parameters that causes a minimum (or below a threshold) variation in the determined
overlay using the weightings associated with the value of the one or more measurement parameters. Of
course, a balance can be used in selection of the value of the one or more measurement parameters
between precision and enhanced robustness. For example, a weighting can be applied between a value of
the one or more measurement parameters determined for precision (e.g., a weight applied to a
performance metric that measures precision) and a value of the one or more measurement parameters
determined for enhanced robustness (e.g., a weight applied to a performance metric that measures
robustness) and then a largest, top ranked, etc. combination can be selected. And of course, a plurality of
values of one or more measurement parameters can be determined such that there is in effect a plurality of
different measurement strategies in the overall measurement strategy. The plurality of values could be
ranked according to one or more performance metrics. Thus, optionally, a measurement strategy can be
output from process 1110 for use in obtaining measured intensity values of a target having one or more
physical instances of the unit cell.

[0163] Further, one or more non-overlay parameters, such as CD, sidewall angle, etc., can affect the
weights used for mapping the intensity signal to overlay. As noted above, an example manner of
determining the weights in this context is to use a Hessian matrix and/or third order derivatives. So, in an
embodiment, various possible weighting schemes are possible to take account of one or more non-overlay
parameters so as to still maintain a good overlay value. In an embodiment, the overlay informative
overlay pixels and their weightings can be optimized for overlay determination precision. This may
require good model quality, i.e., good estimates of the non-overlay parameters. In an embodiment, the
overlay informative pixels and their weights can be optimized for increased robustness to process

variations such as in the non-overlay parameters. This may be at the expense of precision.
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[0164] In an embodiment, estimates of the one or more non-overlay parameters can be made using,
for example, the reconstruction techniques described in relation to Figure 9, and fed-forward to tune the
derived profile or derived profile model. For example, a CD reconstruction can estimate a CD of a target
at a particular location at a substrate and/or for a particular combination of patterning process settings
(e.g., exposure dose, exposure focus, etc.) and use that CD estimate to tune the CD parameter of the
derived profile or derived profile model. In an embodiment, iterative reconstructions of the exact derived
profile or derived profile model parameters can be performed.

[0165] Referring to Figure 12, a method of determining an overlay value for a target having one or
more physical instances of a unit cell capable of being geometrically symmetric. This method involves
two processes 1200 and 1210. Process 1200 involves obtaining a measurement of the target having the
one or more physical instances of the unit cell. Process 1210 involves determining an overlay value for
the measured target based on the measurement of the target from process 1200.

[0166] Process 1200 takes an input the target 1220 to be measured including one or more physical
instances of a unit cell as described herein capable of being geometrically symmetry. In an embodiment, a
substrate with one or more instances of the target is provided to a metrology apparatus, such as the
metrology apparatus of Figure 7.

[0167] Optionally, process 1200 takes as input a particular measurement strategy 1230 specified for
the target. In an embodiment, the measurement strategy can specify a value of one or more measurement
parameters, such as one or more selected from: measurement beam wavelength, measurement beam
polarization, measurement beam dose, and/or a number of optical characteristic readings taken by a
detector sensor of the metrology apparatus of a particular one illumination of the target. In an
embodiment, the measurement strategy can comprises a plurality of measurement strategies, each
specifying a value of one or more measurement parameters. The measurement strategy can be used to
measure the target.

[0168] Process 1200 then measures the target using a metrology apparatus according to the optional
measurement strategy. In an embodiment, the metrology apparatus obtains a pupil representation of the
redirected radiation. In an embodiment, the metrology apparatus can produce a pupil representation such
as pupil image 1030 (if, for example, the target has no error in overlay) or pupil image 1060 (if, for
example, the target has an error in overlay). Thus, in an embodiment, the process 1200 outputs optical
information 1240 regarding the redirected radiation from the target, such as a pupil representation of the
radiation.

[0169] Process 1210 then receives the optical information 1240 and processes the optical
information to determine an overlay value 1260 for the target. In an embodiment, the process 1210

receives as input the weightings 1250 determined from the method of Figure 11, which then are combined
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with one or more optical characteristic values (e.g., intensities) obtained or derived from the optical
information 1240.

[0170] In an embodiment, the process 1210 (or process 1200) can process the optical information to
derive a raw overlay signal from the optical information. In an embodiment, the raw overlay signal
comprises a differential of the optical information, i.e., a difference in optical characteristic values
between symmetric pixels across an axis or point of symmetry. In an embodiment, the derived pupil
image 1035 (if, for example, the target has no error in overlay) or derived pupil image 1065 (if, for
example, the target has an error in overlay) can be obtained.

[0171] In an embodiment, the weightings and optical information with respect to radiation redirected
by the target (e.g., the optical information from process 1200 or a processed version of the optical
information from process 1200 such as the raw overlay signal) are combined to determine the overlay
value. In an embodiment, the use of a combination of redirected measurement beam intensities linearly
combined with associated weightings can lead to a quick determination of overlay. For example, in an
embodiment, the overlay value can be derived using equation (4) wherein the overlay value M is
calculated as the weighted combination of signal components S; from the raw overlay signal using
respective weights w; for each of the signal components S..

[0172] In an embodiment, the optical information collected from process 1200 can be used
additionally to derive one or more target related parameters other than overlay. For example, the optical
information collected from process 1200 can be used in a reconstruction process to derive any one or
more geometric profile parameters of the target, such as CD, sidewall angle, bottom floor tilt, etc. So, in
an embodiment, a same set of optical information collected from a target, such as an in-die after-etch
target, can be used to determine overlay, CD and/or one or more other geometric profile parameters of the
target (such as a device structure).

[0173] While, as noted above, focus has been on intensity, in an embodiment, the optical
characteristic can be reflectivity, the radiation can be polarized and the measurements can be cross-
polarization measurements. For example, a target exposed to a certain linear polarization can be measured
with that polarization or at a different polarization. So, for symmetric pixels p; and p; (where the

apostrophe denotes the symmetric location), then reflectivity R for those pixels can be measured as

follows:
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© |Rps Rpp

wherein s denotes s polarization and p denotes p polarization. Thus, the reflectivity Ry, corresponds to
reflectivity R of s polarized radiation measured when the target was illuminated using s polarization,
reflectivity Ry, corresponds to reflectivity R of s polarized radiation measured when the target was
illuminated using p polarization, and so on. Moreover, these measurements can be taken at different
wavelengths. And, it has been discovered that, in certain embodiments, the overlay for a symmetric unit
cell that changes its symmetry in response to overlay change can be found and determined from the
congruents Ry, and Rgp,.

[0174] Further, non-linearity can arise from overlay and/or from other parameters. As discussed
above, certain non-linearity can be addressed through appropriate selection of weightings, e.g., by
deriving the weightings using a Hessian matrix and/or third order derivatives. In an embodiment, the non-
linearity can be addressed by using a non-linear solution to derive the overlay from the measured optical
information of redirected radiation from a target.

[0175] In an embodiment, the overlay can be determined through using the reconstruction engine as
described above used to derive the nominal profile. For example, a non-linear solver working from a
model based on the derived nominal profile and/or a derived nominal profile model can be used to derive
a simulated version of the optical information expected from redirected radiation from a target of interest,
which can be compared to the measured optical information of the target of interest. As noted above, the
target of interest comprises one or more physical instances of a unit cell that can be symmetric and that
changes its symmetry when subject to overlay. Then, if there is not agreement within a certain threshold,
a geometric profile parameter (e.g., overlay) can be varied and the simulated version of the optical
information re-computed and compared to the measured optical information until there is agreement
within a threshold. Similarly, measured optical information of a target of interest can be compared against
a library of the optical information expected from redirected radiation from the target of interest (which
library would typically be derived using a non-linear solver). Then, if there is not agreement within a
certain threshold, a geometric profile parameter (e.g., overlay) can be varied and the library can be
consulted again for a simulated version of the optical information which is compared to the measured
optical information until there is agreement within a threshold.

[0176] In an embodiment, the use of the reconstruction engine with the measured optical information
from a target of interest uses measured optical information from which a symmetric distribution of
radiation has been removed as described above, e.g., by subtracting from the optical characteristic value

at each pixel the optical characteristic value at a pixel symmetrically located across a point or axis of
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symmetry. Thus, the optical information relates to substantially only the asymmetric distribution of
radiation. Similarly, the simulated or library version of the optical information relates to substantially
only the asymmetric distribution of radiation. This will facilitate the speed of calculation and/or
comparison as a significant portion of optical information won’t need to be calculated or evaluated since
it will eliminate through the differencing.

[0177] In a further embodiment of a non-linear solution, the expansion of equation (3) can be solved
with a non-linear solver to derive Ax,,,. In particular, the values of (a —a'), (b —b"), (c — c¢"), etc. (as
applicable) in equation (3) can be determined as part of the determination of the derived nominal profile
and/or the derived nominal profile model of a unit cell of interest. For example, once the derived nominal
profile has been determined as part of the non-linear reconstruction, simulated or library optical
information for a pupil corresponding to the derived nominal profile (e.g., corresponding to a perturbation
of the derived nominal profile for a particular change in overlay (e.g., Ax,,,)) can be obtained and then the
values of a, b, c, etc. (as applicable) can be determined for each pixel in the pupil with a non-linear solver
that, e.g., iterates through solutions (e.g., responsive to one or more perturbations in overlay (e.g., Ax,;))
in order to minimize the residual. The result is a vector of @ values for the pupil (each a value
corresponding to a pixel of the pupil), a vector of b values for the pupil (each b value corresponding to a
pixel of the pupil), a vector of ¢ values for the pupil (each a value corresponding to a pixel of the pupil),
and so on as applicable. These vectors can then be combined with a vector of S; values determined from a
measured pupil of a target having the unit cell of interest. A non-linear solver that, e.g., iterates through
solutions in order to minimize the residual, can take these input vectors and then solve for the overlay
Ax,,.

[0178] While the discussion above has focused on using a model that models the physical profile of
the unit cell, in an embodiment, the weightings can be derived using a data driven technique that does not
require physical profile modelling or can be derived with a data driven technique that supplements
physical profile modeling. So, in an embodiment, the data driven technique can advantageously not
require a physical profile model; this can be useful, for example, for limiting the sharing of confidential
information because the physical profile modeling starts with, and determines, details regarding the unit
cell (and thus the target) which can be sensitive information if the unit cell is a device pattern structure. In
an embodiment, the data driven technique can be enable relatively quick determination of, for example,
the weights as discussed above to translate measured optical information (e.g., pupil intensity) into a
patterning process parameter (e.g., overlay). In an embodiment, the data driven technique enables
determination of the patterning process parameter in an early stage since as discussed below the data
technique driven may need only measured data and an associated reference.

[0179] So, in an embodiment, the data driven technique involves processing data measured (“get”
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data) from one or more substrates having physical instances of the unit cell of interest patterned thereon
as one or more targets, with one or more certain set values of the patterning process parameter (e.g.,
overlay) of interest. This combination of “‘set” intentional values of a certain patterning process parameter
(e.g., overlay) to create patterns along with data measured from those patterns (“get” data) is referred to as
a “‘set-get” process. For example, an overlay of a particular amount of the physical instance of unit cell is
created as part of the patterning process and then the target having the physical instance of the unit cell is
measured to obtain, e.g., a pupil image thereof (i.e., “get” data). In an embodiment, a plurality of
substrates can be patterned and measured in this manner. In an embodiment, a plurality of different set
values of overlay are created, which different values of overlay can be on one substrate, can be across
different substrates, etc. In an embodiment, each substrate will have a plurality of target instances
measured, yielding, e.g., a plurality of pupil images. In an embodiment, the overlay can be created by
inducing a magnification change from the design magnification between patterning different parts of the
physical instance of the unit cell. In an embodiment, the overlay can be created by providing an
intentional translation from the design positioning between patterning different parts of the physical
instance of the unit cell. Thus, the result is a deliberate applied overlay in a target that is, e.g., induced by
the lithographic apparatus.

[0180] In an embodiment, in general, there is obtained measurement data and associated reference
values. So, in an embodiment, deliberate overlay need not be provided if there are different overlays but
those overlays are determined by another means (e.g., from a scanning electron microscope). In an
embodiment, critical dimension uniformity substrates with corresponding reference data (e.g. coming
from a CD-SEM) can be used as the input data. With the measured data and the reference values, the
data-driven approach can find, as discussed herein, weights such that inferred overlay values resemble the
reference values. So, while the discussion of the data-driven technique will focus on measured optical
information and pupil representations obtained at intentionally set overlay value, they can be generally
applied to more general measurement data and associated reference values (whether measured or
intentionally set).

[0181] Further, while the techniques here relate to a particular overlay (e.g., an overlay in the X-
direction), it will be appreciated that the techniques here can be repeated for different overlays (e.g., an
overlay in the Y-direction, overlay between structures in different layers, etc.) using corresponding
measurement data and reference values. Thus, different weights sets can be determined for different
overlays.

[0182] So, referring to Figure 13, a high-level flow of an embodiment of a data driven technique is
depicted. At 1300, a calculation is performed to derive the weights as discussed above to translate

measured optical information (e.g., pupil intensity) into a patterning process parameter (e.g., overlay). In
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particular, the calculation uses several inputs. One of the inputs is the set values 1320 of a set-get process
for a target having a physical instance of the unit cell of interest. As noted above, a plurality of instances
of a target can be measured across one or more substrates, wherein one or more instances of the target
have a different value of intentional set value of a patterning process parameter than one or more other
instances of the target. A further input is measured optical information 1310 for those instances of the
target at different set values. In an embodiment, the optical information 1310 is a plurality of pupil
representations, each corresponding to an instance of the target. Then, inputs 1310 and 1320 are processed
in a data driven technique to arrive at the weights 1330. Examples of such a data driven technique are
described hereafter.

[0183] In an embodiment, an example of a data driven technique to find a vector of the weights w is

to minimize the following objective or merit function to arrive at the weights w:

arg min 2, [[PFw — s - 1| ©)
w,e

wherein w is a vector of the weights for combination with values of a measured optical characteristic
(e.g., intensity) to determine a patterning process parameter (e.g., overlay), each weight corresponding to
a pixel value of the pupil, P; is a matrix with each column containing the pixel values of the measured
optical characteristic from a measured pupil of an instance of a target obtained from a substrate i
patterned so as to obtain a particular set value of the patterning process parameter (which matrix is then
transposed so that the columns becomes the pixels of the pupil, the rows become the one or more
instances of the target on the substrate, and the values in the matrix are the values of measured optical

characteristic at the respective pixels), s; is a vector containing the corresponding set values of the

patterning process parameter for the one or more instances of the target on the one or more substrates i,
each set value corresponding to a patterning process parameter value, 1 is a unit vector of the size of the
number of set values, and c; is an offset difference between the set-values of the patterning process
parameter and inferred values of the patterning process parameter (Pf w) for each substrate, and D is the
number of substrates measured. The matrix P; can be combination of different results for each instance of
the target. For example, a target can be measured with different wavelengths, different polarizations, etc.
So, these results can be concatenated to each column so, for example, a single column can have values for
the pixels of a pupil a target measured with a first wavelength and a first polarization, which are followed
by values in the column for pixels of a pupil of the target measured with a second different wavelength or

followed by values in the column for pixels of a pupil of the target measured with a second different
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polarization (and which can then be followed by further values at one or more different polarizations
and/or wavelengths).
[0184] So, in effect, this function finds the weight vector w, such that the inferred values P w for

each substrate i looks as similar as possible (in a .2 regularization norm sense) as the set-values s; apart

from an offset c;. In principle, the optimal weights and offsets can be computed by a matrix inversion.
Since the pixel values of the measured optical characteristic are taken with one or more particular
metrology apparatuses, the obtained weights can be normalized by calibration data to reduce the impact of
the particular metrology apparatus itself on the results.

[0185] Instead of or in addition to finding the weights as described above using an objective or merit
function as the data driven technique, the data driven technique can use a machine learning algorithm, like
a neural network, or a non-linear method to determine the weights based on measured pupils of targets
with an intentionally provided difference in the patterning process parameter (e.g., overlay) of interest.
[0186] In an embodiment, after the training (i.e., using the objective or merit function or the machine
learning algorithm), the weights can checked using other data. There is a chance that the training results
in an overfit; the data driven approach “just” fits the data to the set values. Therefore, a cross validation is
done. New data with known set values are used to check the weights. This new data can also be a subset
of the substrates at hand. So, in an embodiment, the training is done on a subset of substrates, and the
validation is done on another (disjunct) subset of substrates.

[0187] Figure 14 depicts a high-level flow of an embodiment of a data driven technique in
combination with a physical geometric model. In this embodiment, a data driven technique as described
in relation to Figure 13 can be used to derive weights, which are used to tune a physical geometric model
(e.g., by using the Hessian to obtain better model nominal values, by changing the model nominal values,
etc.) such that weights from physical geometric model (e.g., the (Moore-Penrose pseudo inverse of the)
Jacobian of the physical geometric model) are the same or similar (e.g., in value, statistically, etc.) to the
weights determined by the data driven technique. Thus, in an embodiment, a (scaled) weight vector w can
be used to fine-tune the physical geometric model such that the physical geometric model is tuned so that
the (Moore-Penrose pseudo inverse of) the Jacobian is similar to the (scaled) weight vector w.

[0188] So, in an embodiment, at 1400, a data driven technique (examples of which are described
above) is performed to derive the weights as discussed above. The calculation uses several inputs. One of
the inputs is the set values 1420 of a set-get process for a target having a physical instance of the unit cell
of interest. As noted above, a plurality of instances of a target can be measured across one or more
substrates, wherein one or more instances of the target have a different value of intentional set value of a

patterning process parameter than one or more other instances of the target. A further input is measured
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optical information 1410 for those instances of the target at different set values. In an embodiment, the
optical information 1410 is a plurality of pupil representations, each corresponding to an instance of the
target. Then, inputs 1410 and 1420 are processed in a data driven technique to arrive at the weights 1430.
[0189] The weights 1430 are input to a process 1440 to fine-tune a physical geometric model using
the weights 1430. The process 1440 obtains a physical profile 1450 for the unit cell (which the process
1440 uses to derive a physical profile model) or obtains a physical profile model 1450 for the unit cell
(which the process 1440 uses). In an embodiment, the physical profile is the derived nominal profile
and/or the derived nominal profile model of a unit cell as discussed above.

[0190] The process 1440 uses the physical geometric model to derive weights that correspond to
weights 1430. Those weights are then compared to the weights 1430. The comparison can involve a
matching of magnitudes, a statistical analysis, a fitting evaluation, etc. If there is a significant difference
(e.g., by evaluation of the comparison against a threshold), one or more parameters of the physical profile
can be tuned. For example, one or more physical profile parameters (e.g., CD, sidewall angle, material
heights, etc.) can be tuned so that the results of the comparison come closer than or equal to, e.g., a certain
threshold. In an embodiment, the Hessian can be used to do this fine-tuning, or can be done using a non-
linear solver (including one or more forward calls (e.g., a Maxwell solver)). The tuning and comparison
can be iterated until the threshold is met or crossed. Then, the tuned physical geometric model can output
updated weights 1460 for use in combining with measured optical information of a target of interest to
derive a patterning process parameter value.

[0191] Figure 15 depicts a high-level flow of a further embodiment of a data driven technique in
combination with a physical geometric model. When a physical geometric model behaves similarly as
measured data, the physical geometric model can be used to predict the impact of process variations. So,
in an embodiment, the Hessian of the physical geometric model can be used to tune the weights such that
the weights become (more) orthogonal to process variations that were not in the data used in the data
driven technique to obtain the weights used to tune the physical geometric model.

[0192] This approach of using the Hessian to tune the weights can also be done without the data
driven technique. That is, this technique to use the Hessian to update the weights can be done with a
physical geometric model approach described in association with Figure 11. In this case, for example, the
weights can be tuned such that the weights become (more) orthogonal to process variations that were not
in the data used to obtain the derived nominal profile and/or the derived nominal profile model of a unit
cell as discussed above. Through such tuning, the weights become more robust to process variations not
observed in measured data used to create the physical geometric model.

[0193] So, in an embodiment, at 1500, a data driven technique (examples of which are described

above) is performed to derive the weights as discussed above. The calculation uses several inputs. One of
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the inputs is the set values 1510 of a set-get process for a target having a physical instance of the unit cell
of interest. As noted above, a plurality of instances of a target can be measured across one or more
substrates, wherein one or more instances of the target have a different value of intentional set value of a
patterning process parameter than one or more other instances of the target. A further input is measured
optical information 1505 for those instances of the target at different set values. In an embodiment, the
optical information 1505 is a plurality of pupil representations, each corresponding to an instance of the
target. Then, inputs 1505 and 1510 are processed in a data driven technique to arrive at the weights 1515.
[0194] The weights 1515 are input to a process 1520 to fine-tune a physical geometric model using
the weights 1515. The process 1520 obtains a physical profile 1525 for the unit cell (which the process
1520 uses to derive a physical profile model) or obtains a physical profile model 1525 for the unit cell
(which the process 1520 uses). In an embodiment, the physical profile is the derived nominal profile
and/or the derived nominal profile model of a unit cell as discussed above.

[0195] The process 1520 uses the physical geometric model to derive weights that correspond to
weights 1515. Those weights are then compared to the weights 1515. The comparison can involve a
matching of magnitudes, a statistical analysis, a fitting evaluation, etc. If there is a significant difference
(e.g., by evaluation of the comparison against a threshold), one or more parameters of the physical profile
can be tuned. For example, one or more physical profile parameters (e.g., CD, sidewall angle, material
heights, etc.) can be tuned so that the results of the comparison come closer than or equal to, e.g., a certain
threshold. In an embodiment, the Hessian can be used to do this fine-tuning, or can be done using a non-
linear solver (including one or more forward calls (e.g., a Maxwell solver)). The tuning and comparison
can be iterated until the threshold is met or crossed.

[0196] But, as will be appreciated, a patterning process can vary during execution and differently for
different executions of the patterning process. Thus, data obtained for the data driven technique doesn’t
account for all the possible patterning process variations. But, when the tuning of the physical geometric
model has made it so that behaves similarly as measured data, the physical geometric model can be used
to predict the impact of process variations and adjust the weights accordingly.

[0197] So, in an embodiment, the tuned physical geometric model 1530 is used to compute the
Hessian of the tuned physical geometric model at 1535. The Hessian 1540 is then used to tune the weights
at 1545 such that the weights become (more) orthogonal (i.e., robust) to process variations that were not
in the data used in the data driven technique to obtain the weights used to tune the physical geometric
model. In other words, the weights are tuned to be more likely to yield an accurate result when combined
with measurement data from a substrate even when the substrate is subject to process variation.

[0198] A non-limiting example of how the Hessian can be used to fine-tune the weights is described

here in the context of overlay; a different patterning process parameter could be used as appropriate. In
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this example, it is assumed only one overlay type is evaluated (e.g., overlay in the X direction). Fine-
tuning with multiple overlay types is also possible.

[0199] In this embodiment of using the Hessian to fine-tune the weights, an overlay response is
estimated from data measured from one or more set-get substrates by applying a single value

decomposition to the data. It is assumed that an eigenvector d (which has length 1) corresponds to the

overlay response. Then the following equation is solved to find vector Ap:

J+HAp
+r2s

)

arg min
4p

g_

wherein J is the Jacobian with respect to the overlay parameter, and the Hessian H is a matrix where the

columns contain the partial derivatives with respect to a process variation (e.g., a variation in CD,
material height, etc.) and the overlay parameter (both the Jacobian and the Hessian are obtained from the

model as described above). The determined vector Ap then corresponds to the delta parameters to be

applied to the non-overlay parameters in the model to obtain an updated (e.g., better) model.
[0200] To make the weights robust to process variations (i.e. orthogonal to the process variations),

the following technique can be used. A pupil [ can be defined by the following second order Taylor

expansion:
I=Jo+HApo (8)

where J is the Jacobian with respect to the overlay parameter, and H is a matrix where the columns

contain the partial derivatives with respect to a process variation (e.g., a variation in CD, material height,

etc.) and the overlay parameter. The vector Ap contains the corresponding process variations. Thus, for a
given structure and for a given process variation instance Ap with an overlay value o, the pupil equals

(approximately) I. As will be appreciated, the above formulation can be extended to more overlay
parameters by adding these contributions as well. Moreover, this formulation is an approximation because
the higher orders in the Taylor expansion are neglected.

[0201] Now, if the impact of the process variations is small, the weights are computed using the
Penrose-Moore inverse of the Jacobian J. In the case of only one overlay parameter, the weights equal to

w = L . And indeed, the weighted average (inner product) with the pupil results in the overlay value o

Ik
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However, when the process variations have a large impact, the overlay response changes:

I=(]+Hap)o=]o (10)
To make the weights robust to these variations,
Hw =0 (11)

This can be achieved by taking the weights w equal to the first row of the pseudo inverse of the matrix
[] ] Or in other words, the Hessian matrix H is concatenated to the Jacobian before the inversion. In

this way, the weights become orthogonal to the process variations (but at some cost of precision).

[0202] Thus, from tuning 1545, tuned weights 1550 are output for use in combining with measured
optical information of a target of interest to derive a patterning process parameter value.

[0203] Figure 16 depicts a high-level flow of a further embodiment of a data driven technique in
combination with a physical geometric model. In this embodiment, the data input to the data driven
technique is extended by including synthetic optical information (e.g., pupil representations) that contains
process variations for the patterning process (e.g. the patterning process variation can be obtained from
CD measurements). The synthetic optical information alone or in combination with the measured optical
information can be used to find new weights using the data driven technique.

[0204] So, in an embodiment, at 1500, a data driven technique (examples of which are described
above) is performed to derive the weights as discussed above. The calculation uses several inputs. One of
the inputs is the set values 1510 of a set-get process for a target having a physical instance of the unit cell
of interest. As noted above, a plurality of instances of a target can be measured across one or more
substrates, wherein one or more instances of the target have a different value of intentional set value of a
patterning process parameter than one or more other instances of the target. A further input is measured
optical information 1505 for those instances of the target at different set values. In an embodiment, the
optical information 1505 is a plurality of pupil representations, each corresponding to an instance of the
target. Then, inputs 1505 and 1510 are processed in a data driven technique to arrive at the weights 1515.
[0205] The weights 1515 are input to a process 1520 to fine-tune a physical geometric model using
the weights 1515. The process 1520 obtains a physical profile 1525 for the unit cell (which the process
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1520 uses to derive a physical profile model) or a physical profile model 1525 for the unit cell (which the
process 1520 uses). In an embodiment, the physical profile is the derived nominal profile and/or the
derived nominal profile model of a unit cell as discussed above.

[0206] The process 1520 uses the physical geometric model to derive weights that correspond to
weights 1515. Those weights are then compared to the weights 1515. The comparison can involve a
matching of magnitudes, a statistical analysis, a fitting evaluation, etc. If there is a significant difference
(e.g., by evaluation of the comparison against a threshold), one or more parameters of the physical profile
can be tuned. For example, one or more physical profile parameters (e.g., CD, sidewall angle, material
heights, etc.) can be tuned so that the results of the comparison come closer than or equal to, e.g., a certain
threshold. The tuning and comparison can be iterated until the threshold is met or crossed.

[0207] So, in an embodiment, the tuned physical geometric model 1530 is used to compute the
Hessian of the tuned physical geometric model at 1535. The Hessian 1600 is then used to generate at
1610 synthetic optical information (e.g., one or more pupil representations). Synthetic optical information
is simulated optical information. The synthetic optical information is intended to mimic one or more
expected process variations in the patterning process. In an embodiment, data 1620 regarding one or more
process variations in the patterning process can be used in combination with the Hessian 1600 to derive
the synthetic optical information. In an embodiment, a synthetic pupil [ can be generated by substituting

different overlay values o and different parameter variations Ap in the equation (8) above, wherein the
/

B
21

parameter, the technique can be extended to more overlay parameters by adding those contributions as

weights correspond to w = While equation (8) described above is directed to a single overlay

well. Furthermore, the technique using equation (8) is an approximation, because the higher orders in the
Taylor expansion are neglected. The data 1620 can comprise, for example, information that describes the
kind and extent of a process variation (e.g., an indication that overlay, CD, etc. can vary by a certain
percentage). The data 1620 can be obtained by a measurement in the patterning process, e.g., overlay,
CD, etc. measurement. The data 1620 is thus used with the Hessian 1600 to generate simulated optical
information 1630 that includes an expected process variation. The synthetic optical information 1630 can
also include one or more associated estimated set values associated with the synthetic optical information
1630. The synthetic optical information 1630 (and any associated set values) is then input to the data
driven technique 1500 for analysis alone or in combination with the measured optical information, to find
new weights using the data driven technique.

[0208] Figure 17 depicts a high-level flow of a further embodiment of a data driven technique in
combination with a physical geometric model. This embodiment is similar to the embodiment of Figure

16 except that instead of computing a Hessian a forward call is made to a non-linear solver (e.g., a
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Maxwell solver) for every process variation to obtain the synthetic optical information.

[0209] So, in an embodiment, at 1500, a data driven technique (examples of which are described
above) is performed to derive the weights as discussed above. The calculation uses several inputs. One of
the inputs is the set values 1510 of a set-get process for a target having a physical instance of the unit cell
of interest. As noted above, a plurality of instances of a target can be measured across one or more
substrates, wherein one or more instances of the target have a different value of intentional set value of a
patterning process parameter than one or more other instances of the target. A further input is measured
optical information 1505 for those instances of the target at different set values. In an embodiment, the
optical information 1505 is a plurality of pupil representations, each corresponding to an instance of the
target. Then, inputs 1505 and 1510 are processed in a data driven technique to arrive at the weights 1515.
[0210] The weights 1515 are input to a process 1520 to fine-tune a physical geometric model using
the weights 1515. The process 1520 obtains a physical profile 1525 for the unit cell (which the process
1520 uses to derive a physical profile model) or a physical profile model 1525 for the unit cell (which the
process 1520 uses). In an embodiment, the physical profile is the derived nominal profile and/or the
derived nominal profile model of a unit cell as discussed above.

[0211] The process 1520 uses the physical geometric model to derive weights that correspond to
weights 1515. Those weights are then compared to the weights 1515. The comparison can involve a
matching of magnitudes, a statistical analysis, a fitting evaluation, etc. If there is a significant difference
(e.g., by evaluation of the comparison against a threshold), one or more parameters of the physical profile
can be tuned. For example, one or more physical profile parameters (e.g., overlay, CD, sidewall angle,
etc.) can be tuned so that the results of the comparison come closer than or equal to, e.g., a certain
threshold. The tuning and comparison can be iterated until the threshold is met or crossed.

[0212] So, in an embodiment, the tuned physical geometric model 1700 is used to compute at 1720
synthetic optical information like as discussed above. Like as discussed above, data 1710 regarding one or
more process variations in the patterning process can be used in combination with the tuned physical
geometric model 1700 to derive the synthetic optical information. For example, the data 1710 can
comprise information that describes the kind and extent of a process variation (e.g., an indication that
overlay, CD, etc. can vary by a certain percentage). The data 1710 can be obtained by a measurement in
the patterning process, e.g., overlay, CD, etc. measurement. As noted above, the process at 1720 can use a
forward call to a non-linear solver (e.g., a Maxwell solver) for the process variation to obtain the synthetic
optical information. The data 1710 is thus used with the tuned physical geometric model 1700 to generate
simulated optical information 1730 that includes an expected process variation. The synthetic optical
information 1730 can also include one or more associated estimated set values associated with the

synthetic optical information 1730. The synthetic optical information 1730 (and any associated set values)
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is then input to the data driven technique 1500 for analysis alone or in combination with the measured
optical information, to find new weights using the data driven technique.

[0213] In Figures 10A-10C, a relatively simple example of a unit cell was presented in which an
overlay in essentially only one direction caused a change in the symmetry of the unit cell. In particular, in
the unit cell of Figures 10A-10C, an overlay change in the X direction resulted in a change in the
symmetry/asymmetry of the unit cell, while an overlay change in the Y direction does not resultin a
change in the symmetry of the unit cell. This is a consequence of the unit cell of Figures 10A-10C having
two structures 1000, 1005 which are configured in a particular geometric way such that an overlay in
essentially only one direction caused a change in the symmetry of the unit cell. Of course, this can be
designed in this manner by appropriate selection of structures. However, it could be that an existing
structure, such as a device structure, can be identified that has a particular geometry such that an overlay
in essentially only one direction causes a change in the symmetry of the unit cell. So, various unit cells
can be chosen or designed that enable determination of an overlay in essentially only one direction (which
need not be in the X direction).

[0214] However, advantageously, a unit cell can be identified or designed that is configured so that a
change in the symmetry of the unit cell results for two or more different overlays. In an embodiment, the
different overlays can be in different directions. Specifically, in an embodiment, a first overlay can be in
the X direction, while a second overlay can be in the Y direction. In an embodiment, the different
overlays can each be between a different combination of structures or parts of the unit cell. In an
embodiment, those structures can be in a same layer and/or in different layers of the target. Specifically,
in an embodiment, a first overlay can be between a first structure and a second structure of the unit cell
and a second overlay can be between the first structure (or second structure) and a third structure of the
unit cell or between a third structure and a fourth structure of the unit cell. In this case, the first overlay
and second overlay can be in the same direction. Naturally, there can be a combination of different
overlays in different directions and different overlays from combinations of structures of the unit cell. For
example, a first overlay can be in the X direction for a first structure in a first layer and a second structure
in a second lower layer and a second overlay can be in the Y direction for the first structure in the first
layer and a third structure in the a third layer lower than the second layer. Thus, numerous combinations
of overlay can be determined through appropriate identification or design of the unit cell (and thus the
target).

[0215] Moreover, as will be appreciated, a determination of an overlay in the X direction and the Y
direction can enable through appropriate combination determine a total overlay (in X and Y). Similarly, to
enable the determination of total overlay for multiple different structures between which overlay can

occur, the overlay for each of those structures needs to be determined. So, as an example, for a unit cell
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that has 4 distinct structures in 4 layers between which overlay can occur (with one of the layers being a
reference layer), then 6 overlays (X and Y for each layer) could be determined to enable determination of
the total overlay for the unit cell. Of course, a sub-combination could be determined as desired to arrive at
one or more different overlays of interest among the 4 layers.

[0216] Figure 18 depicts an example embodiment of a multiple overlay unit cell of a target. Like the
unit cells of Figures 10A-10C, this unit cell comprises a first structure 1000 and a second structure 1005.
Additionally, this unit cell has a third structure 1800 that is in this embodiment in a layer above, in the Z
direction, the first and second structures 1000, 1005. In this embodiment, asymmetry of this unit cell can
be created by one or more different overlays. For example, a relative shift between the structure 1005 and
the structure 1800 in the X direction can yield an overlay in the X direction which causes asymmetry. As
another example, a relative shift between the structure 1005 and the structure 1000 in the Y direction can
yield an overlay in the Y direction which causes asymmetry. As a further example, a relative shift
between the structure 1000 and the structure 1800 in the Y direction can yield a further overlay in the Y
direction which causes asymmetry.

[0217] Figure 19 depicts a further example embodiment of a multiple overlay unit cell of a target.
Like the unit cells of Figures 10A-10C, this unit cell comprises a first structure 1000 and a second
structure 1005. Additionally, like the unit cell of Figure 18, this unit cell has a third structure 1800 that is
in this embodiment in a layer above, in the Z direction, the first and second structures 1000, 1005.
Further, this unit cell has a fourth structure 1900 that is in this embodiment in a layer above, in the Z
direction, the first, second and third structures 1000, 1005, 1800. Like the unit cell of Figure 18, in this
embodiment, asymmetry of this unit cell can be created by one or more different overlays. For example, a
relative shift between the structure 1005 and the structure 1800 in the X direction can yield an overlay in
the X direction which causes asymmetry. As another example, a relative shift between the structure 1005
and the structure 1900 in the X direction can yield an overlay in the X direction which causes asymmetry.
As another example, a relative shift between the structure 1005 and the structure 1000 in the Y direction
can yield an overlay in the Y direction which causes asymmetry. As a further example, a relative shift
between the structure 1000 and the structure 1800 in the Y direction can yield a further overlay in the Y
direction which causes asymmetry.

[0218] Thus, in an embodiment, measurement of an illuminated physical instance of the unit cell of
Figure 18 or of Figure 19 will yield optical information that could potentially include multiple different
overlays if there are in fact multiple different overlays. For example, referring to Figure 18, if the
symmetry of the unit cell of Figure 18 represents zero overlay and there is a shift in the X and Y of the
structure 1005 (e.g., a shift in direction that is not 0, 90, 180 or 270 degrees) from its zero overlay

position relative to its overlying structures, that shift would cause an asymmetry due to the relative shift



10

15

20

25

30

WO 2019/048342 PCT/EP2018/073413

53

between the structure 1005 and the structure 1800 in the X direction and the relative shift between the
structure 1005 and the structure 1000 in the Y direction. So, it would be desirable to determine both the
overlay for structure 1005 in the X and Y directions (which combination will yield the total overlay of
structure 1005).

[0219] As discussed hereafter, a technique is presented that can determine, from the optical
characteristic values, a value of a first overlay for the physical instance of the unit cell separately from a
second overlay for the physical instance of the unit cell that is also obtainable from the same optical
characteristic values, wherein the first overlay is in a different direction than the second overlay (e.g., X
direction overlay and Y direction overlay) or between a different combination of parts of the unit cell than
the second overlay (e.g., a first overlay between structure 1005 and structure 1800 and a second overlay
between structure 1005 and structure 1000 or between structure 1000 and structure 1800, where the first
overlay and the second overlay could possibly be in the same direction).

[0220] That is, in an embodiment, weights are determined to decouple first overlay information in an
optical characteristic value from second (or more) overlay information in the same optical characteristic
value. Thus, in an embodiment, by applying specially selected weights, the combination of the weights
with optical characteristic values will yield a particular overlay of interest as distinguished from other
possible overlay information in the same optical characteristic values. In effect, the weights will feature
the overlay of interest and lessen one or more other overlays. Of course, different sets of weights can be
constructed for each overlay of interest such that the optical characteristic values can be processed to
yield different values for each of the different overlays of interest.

[0221] This technique will be described in respect of the graph of Figure 20. The graph of Figure 20
presents a graphical presentation of the technique but in practice the graph need not be constructed as all
the processing can be done mathematically without the need to create the graph. Further, the technique is
described in respect of the model of Figure 11. But, models (and associated other techniques) described in
respect of other Figures herein could be used.

[0222] Further, this example is presented in terms of deriving the linear version of the weights from
the model. That is, in an embodiment, the weights are derived from the (Moore-Penrose pseudo inverse
of) the Jacobian.

[0223] So, in this linear case, to reconstruct a particular parameter such as an overlay in a certain
direction, the Jacobian can be inverted. But, how the column of the parameter of interest is correlated to
the remaining columns determines how easily it will be to reconstruct this parameter.

[0224] So, having, e.g., the nominal profile model for a unit cell of interest (e.g., the unit cell of

Figure 18), at least two vectors can be generated. A first overlay vector p; represents a first overlay of

interest (e.g., a X-direction overlay) within the unit cell and a second overlay vector p, represents a
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second overlay of interest (e.g., a Y-direction overlay). As will be appreciated, further vectors can be
created for additional overlays of interest.

[0225] Further, for each of the two overlay vectors, one or more pixels of a pupil representation
corresponding to an expected measurement of the physical instance of the unit cell are selected. In this
embodiment, a pair of pixels is selected for each overlay vector, wherein each pair of pixels comprises
symmetrically located pixels as described earlier. Desirably, the pairs of pixels are selected from the
asymmetric radiation distribution portion of the pupil representation as discussed above.

[0226] Now, the first overlay vector p; corresponds to the response (in this case, asymmetric signal

between the pixels creating a pair) in the pairs of pixels to a change in the first overlay of interest for the
first overlay vector (leaving all other parameters unchanged, i.e., no change in the second overlay of
interest). This response can be generated using the nominal profile model by inducing a change in the first
overlay of interest (e.g., 1 nm change) and then calculating the optical response (e.g., intensity) in the
pairs of pixels to that change.

[0227] Similarly, the second overlay vector p, corresponds to the response (in this case, asymmetric

signal between the pixels creating a pair) in the pairs of pixels to a change in the second overlay of
interest for the second overlay vector (leaving all other parameters unchanged, i.e., no change in the first
overlay of interest). This response can be generated using the nominal profile model by inducing a change
in the second overlay of interest (e.g., 1 nm change) and then calculating the optical response (e.g.,
intensity) in the pairs of pixels.

[0228] The resulting vectors are graphed in Figure 20 wherein the horizontal axis

u corresponds to the asymmetric intensity (I; - Ii") between symmetrically positioned pixels of the first
pixel pair and the vertical axis v corresponds to the asymmetric intensity (I; - I;”) between symmetrically

positioned pixels of the second pixel pair. So, Figure 20 shows two highly correlating vectors p; and p,.

[0229] So, to decouple and separate the contributions of the first and second overlays of interest to

the pixel pairs, the vector p; is back-projected onto a vector P4, which is a vector orthogonal to the vector
P2, to form vector p; and the length of projected vector p; is divided by the cosine of the angle
6, between vector p, and P;. This vector then helps to isolate the first overlay of interest from the

intensity of the pixel pairs (and by extension other pixel pairs in the pupil representation).

[0230] Additionally or alternatively, the vector p, is back-projected onto a vector P, which is a
vector orthogonal to the vector p,, to form vector p; and the length of projected vector p; is divided by
the cosine of the angle 8,between vector p, and Pit. This vector then helps to isolate the second overlay

of interest from the intensity of the pixels pairs (and by extension other pixel pairs in the pupil
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representation).
[0231] So, referring back to equations (3) and (4), Sirepresents the asymmetric intensity (I; - I;")

between symmetrically positioned pixels of a pixel pair. So, the first overlay vector p; can correspond to

the response in a first pixel pair having Siof U, and a second pixel pair having S;of Vjto a change in the

first overlay of interest. Similarly, the second overlay vector p, can correspond to the response in those

first and second pixel pairs to a change in the second overlay of interest. Accordingly, the vector pg
and/or the vector p; can be constructed; here both are constructed for explanatory purposes. The vector p;
and the vector p; are defined in terms of the intensity u corresponding to the first pixel pair
corresponding to Uy and in terms of the intensity v corresponding to the second pixel pair corresponding

to Vy. So, vector p; and vector p; can be specified as:

uy, vq (12)

uy, vy (13)

So, now in the linear context described above and referring to equation (4), an overlay value of the first

overlay of interest can then be defined based on Uy, V), and vectors p; and p;as follows:

OVp, = (wiUy + v1Vy)/ cos 64 (14)

Additionally or alternatively, an overlay value of the second overlay of interest can then be defined based

on Uy, Vy and vectors p; and p;as follows

OV& = (uyUy + v3V,)/ cos 8, (15)

So, from equation (14), the weights to determine the first overlay of interest are, for respectively U,

and Vy, the following:

7
Uq V1

(16)

cos8;’ cos 8,

Further, from equation (15), the weights to determine the second overlay of interest are, for respectively

Uy and Vy, the following:
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Uy vy

a7

cos8,’ cos 8,

So, as will be appreciated, this can be repeated for all, or substantially all, of the pixel pairs in the pupil
representation so as to arrive at a set of weights w; for the first overlay of interest (w;') and/or to arrive at
a set of weights w; for the second overlay of interest (w?). One or both of these can then applied to
measured optical characteristic values in accordance with equation (4) to arrive at an overlay value for the
respective overlay of interest. Of course, one or more further overlays of interest can be evaluated and one
or more appropriate weight sets determined for them. As will be appreciated, in an embodiment, the
sensitivity (e.g., Jacobian) to all of the different overlays of interest is included in the weights definition
for a particular overlay of interest.

[0232] So, for example for a unit cell having 4 layers (with one of the layers being a reference layer)
wherein a shift in each of the layers in the X and Y directions could cause a change in symmetry (e.g.,
cause an asymmetry, or cause a further asymmetry, or cause an asymmetric unit cell to become
symmetric), then 6 vectors can be created (each being associated with a different pixel pair), the 6 vectors
comprising a X-direction overlay vector for each of the layers and a Y-direction overlay vector for each
of the layers. There could thus be 6 sets of weights to derive the respective overlays. Of course not all of
the weight sets need to be derived if one of the vectors is not of interest (but in an embodiment, the
sensitivity (e.g., Jacobian) to all of the different overlays of interest is included in the weights definition
for the particular overlay of interest). Any other overlay can then be determined by appropriate
mathematical combination of two or more of these overlays.

[0233] As will be appreciated, some shifts of a layer in a unit cell would not cause a change in
symmetry and so the overlay corresponding to that shift cannot be determined from the unit cell. So,
obviously, no vector would be defined for such a shift. So, taking Figure 18 as an example, three vectors
could be defined for that unit cell — one for the X-direction overlay and two for the different Y-direction
overlays. So, one sets of weights can be determined that will give the overlay in the X-direction when
combined with measured optical characteristic values. Or, a set of weights can be determined that will
give one of the overlays in the Y-direction when combined with measured optical characteristic values
and/or a set of weights can be determined that will give the other of the overlays in the Y-direction when
combined with measured optical characteristic values. Of course, all three sets of weights can be
determined or just two.

[0234] The discussion above has focused on a target formed by one or more instances of a
symmetrical unit cell made up of structures of a device. Such a target can enable, through on-product

measurement of radiation redirected by the on-product target, determination of an on-product value of a
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patterning process parameter. However, as described above, the target need not be made up of only device
structures. In other words, a non-product target can be provided whose structures don’t exclusively
comprise device structures. For example, in an embodiment, a target can be specially created of structures
that are not used to form the device but rather are merely used for measurement. Such a target can be
provided, e.g., in a scribe lane away from the device (and thus provided in a part of a device patterning
pattern away from the device pattern). In an embodiment, the target can be provided in among the device
pattern (and thus provided among the features of a device pattern of a patterning device pattern). Where
appropriate, a non-product target can comprise one or more device structures and one or more specially
created structures that are not used to form the device but rather are merely used for measurement.

[0235] A non-product target can be useful if, for example, a patterning process parameter is being
determined for a device pattern that cannot present symmetric unit cell instances. As another example, a
non-product target can be useful if, for example, a patterning process parameter is being determined for a
portion of a device pattern that doesn’t have a symmetrical unit cell as described above that can give a
measure of that patterning process parameter. For example, there can be cases of a structure for overlay
after etch is desired to be determined using the symmetrical unit cell methods described above but has no
symmetry. For example, logic circuits or structures have many process layers\steps that are each able to
introduce a different overlay component that can break the symmetry of the structure. In the case of logic
circuits for example, measurement on the device pattern typically cannot be performed due to the lack of
a symmetric unit cell of logic circuit structures.

[0236] As a further example, the non-product target can be used in association with a device pattern
that can present symmetric unit cell instances (and even if the unit cell can give a measure of all
patterning process parameters of interest). This can be, for example, if the device pattern is complex,
which can require significant computation time. Further, the device pattern may present potential cross-
talk with signals of patterning process parameters not of interest. As an example, the pupil correlations of
different overlay components might be so large that it is impossible to separate the different overlay
CITOTS.

[0237] Thus, a non-product target can be used with a device pattern that has instances of a
symmetrical unit cell for a beam spot or with a device pattern that can’t present instances of a
symmetrical unit for the beam spot. Details of configuration, design, measurement and use of a non-
product target are described in detailed in U.S. Patent Application No. 15/445,612, filed on February 28,
2017, which is incorporated herein in its entirety by reference.

[0238] The measurement accuracy and/or sensitivity of a target (whether a product target or non-
product target and irrespective of whether that target has a symmetry that is broken as discussed herein by

a certain physical phenomenon represented by a certain parameter (such as overlay)) may vary with
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respect to one or more attributes of the target itself and/or one or more attributes of the measurement
radiation provided onto the target, for example, the wavelength of the radiation, the polarization of the
radiation, the intensity distribution (i.e., angular or spatial intensity distribution) of the radiation, and/or
the incident angle of a chief ray of the measurement radiation. In an embodiment, the wavelength range of
the radiation is limited to one or more wavelengths selected from a range (e.g., selected from the range of
about 400 nm to 900 nm). Further, a selection of different polarizations of the radiation beam (e.g., TE
polarized radiation, TM polarized radiation, vertical linear polarization, horizontal linear polarization,
etc.) may be provided and various illumination distributions and/or angles can be provided using, for
example, a plurality of different apertures.

[0239] So, to enable such selection and measurement, a metrology recipe can be used that specifies
one or more parameters of the measurement using the measurement system. In an embodiment, the term
“metrology recipe” includes one or more parameters of the measurement itself, one or more parameters of
a pattern of the target measured, or both.

[0240] In this context, a pattern of the target measured (also referred to as a “target structure™) may
be a pattern that is optically measured, e.g., whose diffraction is measured. The target pattern measured
may be a pattern specially designed or selected for measurement purposes (such as a non-product target).
Multiple copies of a target may be placed on many places across a substrate (e.g., within or near a
plurality of dies across the substrate).

[0241] In an embodiment, if the metrology recipe comprises one or more parameters of the
measurement itself, the one or more parameters of the measurement itself can include one or more
parameters relating to a measurement beam and/or measurement apparatus used to make the
measurement. For example, if the measurement used in a metrology recipe is a diffraction-based optical
measurement, one or more parameters of the measurement itself may include a wavelength of
measurement radiation, and/or a polarization of measurement radiation, and/or measurement radiation
intensity distribution, and/or an illumination angle (e.g., incident angle, azimuth angle, etc.) relative to the
substrate of measurement radiation, and/or the relative orientation relative to a pattern on the substrate of
diffracted measurement radiation, and/or a number of measured points or instances of the target, and/or
the locations of instances of the target measured on the substrate. The one or more parameters of the
measurement itself may include one or more parameters of the metrology apparatus used in the
measurement, which can include detector sensitivity, numerical aperture, etc.

[0242] In an embodiment, if the metrology recipe comprises one or more parameters of a pattern
measured, the one or more parameters of the pattern measured may include one or more geometric
characteristics (such as a shape of at least part of the pattern, and/or orientation of at least part of the

pattern, and/or a pitch of at least part of the pattern (e.g., pitch of a periodic structure including the pitch
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of an upper periodic structure in a layer above that of a lower periodic structure and/or the pitch of the
lower periodic structure), and/or a size (e.g., CD) of at least part of the pattern (e.g., the CD of a feature of
a periodic structure, including that of a feature of the upper periodic structure and/or the lower periodic
structure), and/or a segmentation of a feature of the pattern (e.g., a division of a feature of a periodic
structure into sub-structures), and/or a length of a periodic structure or of a feature of the periodic
structure), and/or a materials property (e.g., refractive index, extinction coefficient, material type, etc.) of
at least part of the pattern, and/or an identification of the pattern (e.g., distinguishing a pattern being from
another pattern), etc.

[0243] A metrology recipe may be expressed in a form like (1, 75,73, ... 73y; 1, t3, t3, ... t ), Where 7;
are one or more parameters of the measurement and t; are one or more parameters of one or more patterns
measured. As will be appreciated, n and m can be 1. Further, the metrology recipe does not need to have
both one or more parameters of the measurement and one or more parameters of one or more patterns
measured; it can have just one or more parameters of the measurement or have just one or more
parameters of one or more patterns measured.

[0244] A target may be subjected to measurement using two metrology recipes A and B, e.g., differ
on the stage at which a target is measured (e.g., A measures a target when it comprises a latent image
structure and B measures a target when it doesn’t comprise a latent image structure) and/or differ on the
parameters of their measurement. Metrology recipes A and B can at least differ on the target measured
(e.g., A measures a first target and B measures a second different target). Metrology recipes A and B may
differ on the parameters of their measurement and target measured. Metrology recipes A and B may not
even be based on the same measurement technique. For example recipe A may be based on diffraction-
based measurement and recipe B may be based on scanning electron microscope (SEM) or atomic force
microscopy (AFM) measurement.

[0245] As noted, a particular substrate will have a plurality of instances of target. So, in an
embodiment, there will typically be a sampling scheme to select a subset of the target instances on the
substrate for measurement on the substrate to facilitate, e.g., throughput of the measurement process.
[0246] As discussed above, one or more parameters of interest (such as CD and/or overlay) can be
determined from a structure of a target (e.g., a diffracting target within a product pattern or a diffracting
target specially designed for measurement and separate from a device pattern) by illuminating the target,
collecting the redirected radiation from the structure using an objective lens, and detecting the redirected
radiation by a pupil detector in a Fourier plane of the objective lens. Such a measured pupil can be
processed using, for example, an inference method as described herein that obtains signal components
therefrom, which signal components are combined with an appropriate set of weights to yield, e.g., an

overlay value. Additionally or alternatively, a method such as described with respect to Figure 9 can used
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such a measured pupil to determine, e.g., CD.

[0247] In an embodiment, the radiation used to illuminate the target is linearly-polarized
electromagnetic radiation. Linear polarization has the electric field of the electromagnetic radiation
confined to a single plane along the direction of propagation. In an embodiment, a first type of linear
polarization in a first direction perpendicular to the direction of propagation is designated herein for
convenience as “H” or horizontal linear polarization and a second type of linear polarization in a second
direction that is orthogonal to the second direction and is perpendicular to the direction of propagation is
designated herein for convenience as “V” or vertical linear polarization. Of course, the radiation need not
be vertical or horizontal. The first linear polarization can be p polarization and the second linear
polarization can be s polarization. Of course, the first and second linear polarization can be labelled with
other designations.

[0248] A diffracting structure (e.g., a diffraction grating) and other similarly complex structure
changes the polarization state of illumination radiation. So, in an embodiment, the optical properties of a

target comprising a structure under study can be characterized by a reflectivity matrix as follows:

Ryp RHV)
18
(rir ol (1%)

wherein R is the reflectivity and the subscripts correspond to the applicable linear polarization. In
particular, the first index of the subscript refers to the polarization state of the outgoing radiation from the
target, and the second index of the subscripts refers to the polarization state of the illumination radiation
onto the target. For example, Ruv means reflectivity to the H polarization from V-polarized illumination.
Each element of this matrix depends on wavelength, and polar and azimuthal angles of incidence. Of
course, the structures can be characterized by the reflectivity matrices in a s and p polarization basis or
other basis. Further, while embodiments are described herein in terms of reflectivity, a different or
additional optical characteristic can be used than reflectivity, which different or additional optical
characteristic can be determined in similar respects at different illumination polarizations and outgoing
polarizations. Further, while embodiments are described herein in terms of two different types of linear
polarization, more than two types of linear polarization can be used.

[0249] In a metrology apparatus, the observable quantities by a detector can be total reflected
intensities. That is, the detection is not polarization-sensitive. Therefore, if illumination is H-polarized,

then the detected intensity is directly proportional to:

|[Ryul* + |Ryy|? (19)
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and if illumination is V-polarized, then the detected intensity is proportional to:

|Ryy|* + |Ryy |? (20)

However, it is expected that different polarization channels (i.e. different elements of the reflectivity
matrix) carry different information about a parameter of interest such as CD and/or overlay. Therefore, in
an embodiment, it is advantageous to detect outgoing H linear polarization and V linear polarization
radiation from the target to, for example, separately de-correlate more profile parameters (e.g., as part of
the inference method) and increase sensitivity to them. Thus, in an embodiment, a combination of values
associated with at least two selected from Ryy, Ryy, Ryy, and Ryy (or an additional or different optical
characteristic as described above) are used to derive a parameter of interest (e.g., overlay, CD, etc.). As
will be appreciated, the combination can be used to derive a single value of the parameter of interest. In
an embodiment, values corresponding to Ryy, Ryg, Ryy, and Ry are used together to derive a parameter
of interest. In an alternative embodiment, only values corresponding to Ry and Ryy of are used to derive
the parameter of interest.

[0250] So, Figure 21 schematically depicts an example metrology apparatus according to an
embodiment to enable separate detection of outgoing H- and V-polarizations from the target. This
embodiment is similar to the metrology of Figure 7 with some changes. In particular, in an embodiment,
the metrology apparatus comprises a cross-polarizing element 192 before the pupil sensor 190 to separate
the outgoing polarization states of radiation into a first portion 196 having a first linear polarization and a
second portion 198 having a second different linear polarization. This means the ability to measure values
associated with Ry, Ry, Ryy, and Ry separately, such as |[Ryy |2, |Ryy|?, |Ryy|?, and |Ryy |2
respectively, by applying horizontal linear polarization illumination radiation to the target and separately
applying vertical linear polarization illumination radiation to the same target. Thus, for the H polarization,
the cross-polarizing element 192 enables the outgoing V and H polarization to be separately measured to
obtain |Ryy|? and |Ryy |? respectively. Similarly, for the V polarization, the cross-polarizing element 192
enables the outgoing V and H polarization to be separately measured to obtain |Ryy | and |Ryy |
respectively.

[0251] In an embodiment, the different polarizations can be alternately provided to the target. For
example, in an embodiment, the source 110 can alternately provide in time H and V polarization. In an
embodiment, a polarizing element in the optical path between the source 110 and the target can be used to
alternately provide in time H and V polarization (e.g., using a polarizer 170 as depicted in Figure 9 and

which can be similarly provided between the source 110 and the objective 160 in Figures 7 and 21).
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[0252] In an embodiment, a plurality of illumination spots can be provided in parallel, one or more
of those illumination spots having H polarization and one or more other of those illuminations having V
polarization. So, in an embodiment having two illuminations spots with one spot having V polarization
and the other H polarization, the cross-polarizing element 192 can split the polarizations from each of the
spots separately to measure 4 sets of linear polarization — V polarized outgoing radiation from the target
for V illumination, H polarized outgoing radiation from the target for V illumination, V polarized
outgoing radiation from the target for H illumination, and H polarized outgoing radiation from the target
for H illumination.

[0253] In an embodiment, the cross-polarizing element 192 can be differently arranged. For
example, it can be in a polarizing beam splitter-type arrangement where a particular linear polarization
passes through the beam splitting surface in a first direction toward one sensor 190 in the first direction
and the orthogonal linear polarization reflects off the beam splitting surface in a second direction
substantially orthogonal to the second direction to another sensor 190 in the second direction. Other
arrangements are possible including other beam directing components.

[0254] However, a cross-polarized detection alone is not sensitive to phases of reflectivity
coefficients, as only their absolute values are measured. In order to be able to measure at least some
relative phases, a retarder 194 (e.g., a quarter-wave plate) is positioned before the cross-polarizing
element 192. In such a retarder 194 and cross-polarizing element 192 configuration, two output intensity

channels for H polarized illumination of the target are:

|Ryy £ iRyy|* = |Ryp|* + |Ryy|* + 2Im(RyyRyy) 21

and for V polarized illumination of the target are:

|Ryy + iRuyy|* = |Ryy|* + |Ruy|* £ 2Im(RyyRiy) (22)

The interference terms carry information about relative phases between on-diagonal and off-diagonal
channels of the reflectivity matrix. So, a retarder 194 and cross-polarizing element 192 configuration can
be particularly useful in metrology techniques described herein (e.g., the overlay inference method based
on signal components from a pupil combined with weightings) that take advantage of a relatively strong
signal typically found only in the tonsil areas (e.g., areas 1075 and 1080) because it spreads the energy of
the parameter of interest (e.g., overlay) signal across a relatively large area of the pupil as compared to a
configuration not having the retarder 194 (i.e., having a cross-polarizing element 192 but not the retarder

194).
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[0255] Figure 22 schematically depicts example pupils of the radiation signal energy distribution
(e.g., Jacobian pupils) derived from radiation measured from a target using a cross polarizing element
(i.e., these pupils are for, e.g., an arrangement having a cross-polarizing element 192 but not a retarder
194). The pupils in Figure 22 correspond to a particular overlay parameter of the target, such as overlay in
the X direction between two structures in the target. In an embodiment, the pupils are calculated from a
model such as described herein and are a derivative of an intensity pupil relative to a parameter of
interest, such as overlay, e.g., a Jacobian pupil. In an embodiment, the pupils correspond to the Jacobian
of the overlay inference method described above and for which weights are determined for signal
components therefrom and from which overlay is determined by combining the signal components and
weights therefor. Pupil 2200 corresponds to H polarization illumination radiation and measured H
polarization outgoing radiation from the target. Pupil 2210 corresponds to V polarization illumination
radiation and measured H polarization outgoing radiation from the target. Pupil 2220 corresponds to H
polarization illumination radiation and measured V polarization outgoing radiation from the target. Pupil
2230 corresponds to V polarization illumination radiation and measured V polarization outgoing radiation
from the target. As can be seen, relatively high signal energy is located in relatively small tonsil areas
2212 located on the diagonals of pupil 2210 and relatively small tonsil areas 2222 located on the
diagonals of pupil 2220.

[0256] Now, Figure 23 schematically depicts example pupils of the radiation signal energy
distribution (e.g., Jacobian pupils) derived from radiation measured from a target using a cross polarizing
element and a retarder (i.e., these pupils are for, e.g., an arrangement having a cross-polarizing element
192 and a retarder 194 in the form of a quarter wave plate). The pupils in Figure 23 correspond to a
particular overlay parameter of the target, such as overlay in the X direction between two structures in the
target. In an embodiment, the pupils are calculated from a model such as described herein and are a
derivative of an intensity pupil relative to a parameter of interest, such as overlay, e.g., a Jacobian pupil.
In an embodiment, the pupils correspond to the Jacobian of the overlay inference method described above
and for which weights are determined for signal components therefrom and from which overlay is
determined by combining the signal components and weights therefor. Pupil 2300 corresponds to H
polarization illumination radiation and measured H polarization outgoing radiation from the target. Pupil
2310 corresponds to V polarization illumination radiation and measured H polarization outgoing radiation
from the target. Pupil 2320 corresponds to H polarization illumination radiation and measured V
polarization outgoing radiation from the target. Pupil 2330 corresponds to V polarization illumination
radiation and measured V polarization outgoing radiation from the target. As compared to the pupils of
Figure 22 without the retarder, the energy associated with the parameter of interest (e.g., the overlay

signal) is spread across a larger area of the pupil in the pupils of Figure 23, whereas in the Figure 22
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pupils the energy associated with the parameter of interest (e.g., the overlay signal) is concentrated in
relatively small tonsil areas 2212 and 2222. Thus, in the Figure 23 pupils, energy associated with the
parameter of interest is spread from tonsil areas, such as tonsil areas 2212 and 2222 in the Figure 22
pupils, to areas on the pupil axes (such as in pupils 2310 and 2330) or to the interior of the pupil (such as
in pupils 2300 and 2320).

[0257] But, this cross-polarizing element 192 and retarder 194 configuration may be less valuable
when measuring multiple different overlays (e.g., an overlay between a first layer and a second layer and
an overlay between a second layer and a third layer, each in various directions) because it becomes more
difficult to de-correlate multiple overlay parameters when the signal energy of all parameters is spread
more uniformly across the pupil. In contrast, the cross-polarizing element 192 configuration without the
retarder 194 can offer more decorrelation capabilities but at the expense of signal localization in relatively
small areas of the pupil (usually, tonsils which are hard to calibrate). In other words, the cross-polarizing
element 192 and retarder 194 configuration and the cross-polarizing element 192 configuration without
the retarder 194 offer different balances between the strength of measured radiation corresponding to
desired overlay signals and the ability to de-correlate the different overlay signals from the measured
radiation. Thus, the cross-polarizing element 192 and retarder 194 configuration and the cross-polarizing
element 192 configuration are application-dependent.

[0258] Accordingly, in an embodiment, the retarder 194 is configured to provide different phases at
different times. For example, in an embodiment, the retarder is switchable such that it provides phase in
one configuration and provides different phase (including no phase) in another configuration. For
example, the retarder can be movable into and out of the path of the diffracted radiation. In an
embodiment, the retarder can comprise a first retarder element that provides a first phase and a second
retarder element that provides a second phase and the first and second retarder elements are movable into
and out of the path of the diffracted radiation (e.g., by rotation of a structure having the first and second
retarder elements). In an embodiment, the retarder is rotatable within the optical path of the diffracted
radiation. With such a switchable or rotatable retarder in the detection branch, it is possible to switch or
fine tune a desired linear combination of reflectivity components for a particular application.

[0259] It may be desirable to obtain one or more of the advantages of the retarder using a different
optical element. For example, the retarder may not be available. So, for example, in a single overlay
application, it may be desirable to realize one or more of the advantages of a cross-polarizing element and
retarder configuration, which performs better in terms of signal to noise ratio, without the retarder. Or, it
may be desirable to obtain some of the functionality of the retarder with a different optical element using
in combination with the retarder.

[0260] So, in an embodiment, the cross-polarizing element provides all or some of the functionality
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of the retarder. In an embodiment, a polarizing splitting axis of the cross-polarizing element makes an
angle with the H and V axes. In an embodiment, the angle is selected from the range of greater than O
degrees and less than 90 degrees, such as selected from the range of 10 to 80 degrees, from the range of
20 to 70 degrees, from the range of 30 to 60 degrees, or from the range of 40 to 50 degrees. In an
embodiment, the angle is about 45 degrees.

[0261] Figure 24A schematically depicts an example metrology apparatus according to an
embodiment comprising a cross-polarizing element 199 having its polarizing splitting axis making an
angle with the H and V axes. Optionally, a retarder 194 can also be provided. In an embodiment, the
cross-polarizing element 199 is the same as cross-polarizing element 192 except that it has, or is
configurable to have, its polarizing splitting axis make an angle with the H and V axes. In an
embodiment, the cross-polarizing element 199 can have its polarizing splitting axis fixed at a certain
angle. In an embodiment, the angle is variable. For example, in an embodiment, the cross-polarizing
element 199 is configured to provide different angles at different times. For example, in an embodiment,
the cross-polarizing element 199 is switchable such that it provides a certain angle in one configuration
and provides a different angle (including no angle) in another configuration. For example, the cross-
polarizing element 199 can be movable into and out of the path of the diffracted radiation. In an
embodiment, the cross-polarizing element 199 can comprise a first cross-polarizing element part that
provides a first angle and a second cross-polarizing element part that provides a second angle and the first
and second cross-polarizing element parts are movable into and out of the path of the diffracted radiation
(e.g., by rotation of a structure having the first and second cross-polarizing element part). In an
embodiment, the cross-polarizing element 199 is rotatable within the optical path of the diffracted
radiation. With such a switchable or rotatable cross-polarizing element 199 in the detection branch, it is
possible to switch or fine tune a desired linear combination of reflectivity components for a particular
application. That is, in an embodiment, it would be advantageous to have a switchable or rotatable cross-
polarizing element 199 so as to provide different angles at different times to be able to tune the linear
superpositions of reflection coefficients to a desired application.

[0262] An effect of the cross polarizing element having a polarizing axis at angle to the axis of the
polarization of illumination radiation according to an embodiment is highly schematically depicted in
Figure 24B. As seen in Figure 24B, illumination radiation 170, 172 having a polarization defined
according to the H and V axes is provided to a target T. As noted above, the radiation may have linear
polarization along the H axis or linear polarization along the V axis. In an embodiment, the linear
polarization along the H axis can be provided in a first illumination and the linear polarization along the V
axis can be provided in a subsequent second illumination, or vice versa.

[0263] This illumination radiation is redirected by the target to become radiation 174, 176 and passes
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to cross-polarizing element 199 having its polarizing splitting axis making an angle 8 with the H and V
axes. The effect of the cross-polarizing element 199 is to effectively rotate the coordinate system of the
polarization to the coordinate system with shown orthogonal axes 1 and 2. The coordinate system with
axes 1 and 2 is rotated by angle 6 with respect to the H and V axes. Thus, using a linear H or V
polarization input and a cross-polarizing element 199 having its polarizing splitting axis making an angle
0 that provides two orthogonal linear polarization outputs, the detector 190 effectively measures linear
polarization along the 1 axis and linear polarization along the 2 axis, wherein the orthogonal axes 1 and 2
are rotated by angle 0 relative to the H and V axes.

[0264] So, if the angle of the polarizing splitting axis of the cross-polarizing element is 45 degrees
around the optical axis of the sensor (and without using the retarder), then the detected intensities become

proportional to:

|R1x1? = |Ryy + Rynl? = |[Ryy|* + |Ryy|* + 2Re(RyyRyy) (23)

|R,u1% = |IRuy — Ryy|® = [Ryy|* + |Ryu|* — 2Re(RyyRyy) 24)

for H linear polarization illumination of the target where R; corresponds to measured radiation from the
cross-polarizing element 199 with polarization along the 1 axis (see Figure 24B) and R corresponds to
measured radiation from the cross-polarizing element 199 with polarization along the 2 axis wherein the 1

and 2 axes are at 45 degrees to the H and V axes, and

|[R1v|* = |Ryy + Ruv |* = [Ryv|* + |Ruv|* + 2Re(Ryy Ripy) (25)

|R2v|* = |Ryy — Ruv|® = |Ryy|* + |Ruv |* — 2Re(Ryv Riyy) (26)

for V linear polarization illumination of the target. Of course, the formulas would be adjusted as required
using appropriate trigonometric functions for a different angle than 45 degrees. In this case, on-diagonal
and off-diagonal reflectivity coefficients interfere in a similar manner to the cross-polarizing element 192
and retarder 194 configuration, albeit differently than in the cross-polarizing element 192 and retarder 194
configuration. But, these interference terms play a similar role, i.e. they spread signal energy in the pupil
interior.

[0265] Figure 25 schematically depicts example pupils of the radiation signal energy distribution
(e.g., Jacobian pupils) derived from radiation measured from a target using a cross polarizing element

having a polarizing splitting axis of the cross-polarizing element making an angle of 45 degrees with the
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H and V axes (i.e., these pupils are for, e.g., an arrangement having a cross-polarizing element 199). The
pupils in Figure 25 correspond to a particular overlay parameter of the target, such as overlay in the X
direction between two structures in the target. In an embodiment, the pupils are calculated from a model
such as described herein and are a derivative of an intensity pupil relative to a parameter of interest, such
as overlay, e.g., a Jacobian pupil. In an embodiment, the pupils correspond to the Jacobian of the overlay
inference method described above and for which weights are determined for signal components therefrom
and from which overlay is determined by combining the signal components and weights therefor. Pupil
2500 corresponds to H polarization illumination radiation and measured 1 axis polarization outgoing
radiation from the target. Pupil 2510 corresponds to V polarization illumination radiation and measured 1
axis polarization outgoing radiation from the target. Pupil 2520 corresponds to H polarization
illumination radiation and measured 2 axis polarization outgoing radiation from the target. Pupil 2530
corresponds to V polarization illumination radiation and measured 2 axis polarization outgoing radiation
from the target. As described above, the 1 and 2 axes are at an angle (in this case, 45 degrees) to the H
and V axes.

[0266] As compared to the pupils of Figure 22 with a cross-polarizing element making an angle of 0
degrees with the polarization direction of the illumination radiation and without the retarder, relatively
high signal energy is located in significantly greater areas such as areas 2512 for pupil 2510, significantly
larger areas 2522 for pupil 2520 and significantly larger areas 2532 for pupil 2530. Further, the signal
energy in areas 2502 for pupil 2500 is generally lower but still generally well distributed. Also, the signal
energy is generally greater in interior areas of the pupil compared to the pupils of Figure 22. Further,
compared to the pupils of Figure 23, it can be seen that for pupils 2510 and 2530 the signal energy is
generally greater and distributed more out of the tonsil areas. So, compared to Figure 23, the pupils of
Figure 25 generally produce greater signal energy and that signal energy has a greater distribution in the
interior of the pupil. As for pupils 2500 and 2520, the signal energy may be generally less than compared
to pupils 2300 and 2320 of Figure 25 but the signal energy is still fairly well distributed through the pupil.
[0267] In an embodiment, a measurement method using a cross-polarizing element 199 having its
polarizing splitting axis making an angle with the H and V axes may be easier to calibrate than one with a
cross-polarizing element 199 having its polarizing splitting axis making no angle with the applicable H or
V axis of the illumination radiation. This is because, for example, in an embodiment using an inference
method using signal components and weighting, the inference is based on on-diagonal and off-diagonal
reflectivities, thus balancing output channels in terms of intensity. In an embodiment, since it is sensitive
to relative phases between on-diagonal and off-diagonal reflectivity components, a cross-polarizing
element 199 having its polarizing splitting axis making an angle with the H and V axes may offer better

sensitivity to various CD, overlay, etc. parameters (and/or better decorrelation capabilities) than a cross-
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polarizing element 199 having its polarizing splitting axis making no angle with the applicable H or V
axis of the illumination radiation.

[0268] So, in an embodiment, one or more advantages of cross-polarized detection with a retarder
can be obtained using an optical element different than the retarder (e.g., without the need of the retarder
itself), namely a cross-polarizing element 199 having its polarizing splitting axis making an angle with the
H and V axes. Optionally, the cross-polarizing element 199 is configured to provide a variable polarizing
splitting axis angle from the H and V axes to enable application dependent linear combination of
reflectivity components. In an embodiment, the cross-polarizing element 199 having its polarizing
splitting axis making an angle with the H and V axes is used to measure a target that is a portion of a
device pattern itself (i.e., in-device metrology).

[0269] The determined patterning process parameter value (e.g., overlay value) and the techniques
herein can be used for numerous purposes. For example, significant aspects to enabling a patterning
process include developing the process itself, setting it up for monitoring and control and then actually
monitoring and controlling the process itself (e.g., predicting a chance of a defect based on the patterning
process parameter value). The patterning process parameter value and the techniques herein can be used
in any of these aspects. Further, assuming a configuration of the fundamentals of the patterning process,
such as the patterning device pattern(s), the resist type(s), post-lithography process steps (such as the
development, etch, etc.), it is desirable to setup the apparatus in the patterning process for transferring the
pattern onto the substrates, develop one or more metrology targets to monitor the process, setup up a
metrology process to measure the metrology targets and implement a process of monitoring and/or
controlling the process based on measurements. The patterning process parameter value and the
techniques herein can be used in any of those processes.

[0270] While discussion in this application considers an embodiment of a metrology process and
metrology target designed to measure overlay of a device being formed on a substrate, the embodiments
herein are equally applicable to other metrology processes and targets, such as process and targets to
measure various other asymmetries in symmetrical structures, such as sidewall angle asymmetry,
asymmetry in bottom floor tilt angle, asymmetries in CD, etc. Accordingly, the references herein to
overlay metrology targets, overlay data, etc. should be considered as suitably modified to enable other
kinds of metrology processes and targets to determine different kinds of parameters of interest (such as
CD, edge placement error, etc.).

[0271] In an embodiment, there is provided a method, comprising: illuminating a structure of a
metrology target with radiation having a linear polarization in a first direction; receiving radiation
redirected from the structure to a cross-polarizing element, the cross-polarizing element providing

diffracted radiation having linear polarization in the first direction to a sensor system separately from
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redirected radiation having linear polarization in a second direction substantially orthogonal to the first
direction, wherein the cross-polarizing element has a polarization splitting axis at an angle to the first and
second directions; and measuring, using the sensor system, an optical characteristic of the redirected
radiation having linear polarization in the first direction and redirected radiation having linear polarization
in the second direction.

[0272] In an embodiment, the method further comprises separately illuminating the structure with
radiation having the linear polarization in the second direction to yield redirected radiation, using the
cross-polarizing element to provide such redirected radiation having linear polarization in the first
direction to the sensor system separately from such redirected radiation having linear polarization in the
second direction, and measuring, using the sensor system, an optical characteristic of such redirected
radiation having linear polarization in the first direction and such redirected radiation having linear
polarization in the second direction. In an embodiment, the method further comprises determining a
parameter of interest of a patterning process used to form the metrology target using only an optical
characteristic measured from redirected radiation having linear polarization in the first direction obtained
with illumination radiation having the linear polarization in the second direction and an optical
characteristic measured from redirected radiation having linear polarization in the second direction
obtained with illumination radiation having the linear polarization in the first direction. In an
embodiment, the angle is selected from the range of 40 to 50 degrees. In an embodiment, the target is a
portion of a device pattern itself. In an embodiment, the structure has geometric symmetry at a nominal
physical configuration, wherein a different physical configuration of the structure caused by a patterning
process than the nominal physical configuration causes an asymmetric optical characteristic distribution
in a detected representation of the optical characteristic and comprising determining a parameter of
interest from the detected representation of the optical characteristic, wherein the parameter of interest
measures change in the physical configuration. In an embodiment, the method further comprises
determining a value of a parameter of interest of a patterning process used to make the metrology target
using the measured optical characteristic of the redirected radiation having linear polarization in the first
direction and the measured optical characteristic of the redirected radiation having linear polarization in
the second direction.

[0273] In an embodiment, there is provided a method, comprising: illuminating a structure of a
metrology target with radiation having a linear polarization in a first direction; receiving radiation
redirected from the structure to a cross-polarizing element, the cross-polarizing element providing
diffracted radiation having linear polarization in a second direction to a sensor system separately from
redirected radiation having linear polarization in a third direction substantially orthogonal to the second

direction, wherein the cross-polarizing element has a polarization splitting axis such that the first direction
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is at an angle to the second direction; and measuring, using the sensor system, an optical characteristic of
the redirected radiation having linear polarization in the second direction and redirected radiation having
linear polarization in the third direction.

[0274] In an embodiment, the method further comprises separately illuminating the structure with
radiation having the linear polarization in a fourth direction orthogonal to the first direction to yield
redirected radiation, using the cross-polarizing element to provide such redirected radiation having linear
polarization in the second direction to the sensor system separately from such redirected radiation having
linear polarization in the third direction, wherein the cross-polarizing element has a polarization splitting
axis such that the fourth direction is at the angle to the third direction, and measuring, using the sensor
system, an optical characteristic of such redirected radiation having linear polarization in the second
direction and such redirected radiation having linear polarization in the third direction. In an embodiment,
the method further comprises determining a parameter of interest of a patterning process used to form the
metrology target using only an optical characteristic measured from redirected radiation having linear
polarization in the third direction obtained with illumination radiation having the linear polarization in the
first direction and an optical characteristic measured from redirected radiation having linear polarization
in the second direction obtained with illumination radiation having the linear polarization in the fourth
direction. In an embodiment, the angle is selected from the range of 40 to 50 degrees. In an embodiment,
the target is a portion of a device pattern itself. In an embodiment, the structure has geometric symmetry
at a nominal physical configuration, wherein a different physical configuration of the structure caused by
a patterning process than the nominal physical configuration causes an asymmetric optical characteristic
distribution in a detected representation of the optical characteristic and comprising determining a
parameter of interest from the detected representation of the optical characteristic, wherein the parameter
of interest measures change in the physical configuration. In an embodiment, the method further
comprises determining a value of a parameter of interest of a patterning process used to make the
metrology target using the measured optical characteristic of the redirected radiation having linear
polarization in the third direction and the measured optical characteristic of the redirected radiation
having linear polarization in the third direction.

[0275] In an embodiment, there is provided a metrology apparatus, comprising: an optical element
configured to provide radiation having a linear polarization in a first direction onto a structure of a target;
a sensor system configured to measure an optical characteristic of radiation redirected from the structure;
and a cross-polarizing element configured to receive radiation redirected from the structure and to provide
redirected radiation having linear polarization in a second direction to the sensor system separately from
redirected radiation having linear polarization in a third direction substantially orthogonal to the second

direction, wherein the cross-polarizing element has a polarization splitting axis such that the first direction
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is at an angle to the second direction.

[0276] In an embodiment, the angle is selected from the range of 40 to 50 degrees. In an
embodiment, the target is a portion of a device pattern itself. In an embodiment, the structure has
geometric symmetry at a nominal physical configuration, wherein a different physical configuration of the
structure caused by a patterning process than the nominal physical configuration causes an asymmetric
optical characteristic distribution in a detected representation of the optical characteristic, and a processor
system configured to determine a parameter of interest from the detected representation of the optical
characteristic, wherein the parameter of interest measures change in the physical configuration. In an
embodiment, the metrology apparatus comprises a processor system configured to a value of a parameter
of interest of a patterning process used to make the metrology target using the measured optical
characteristic of the redirected radiation having linear polarization in the second direction and/or the
measured optical characteristic of the redirected radiation having linear polarization in the third direction.
In an embodiment, the processor system is configured to separately provide radiation having a linear
polarization in a fourth direction onto the structure of the target to yield redirected radiation, wherein the
cross-polarizing element is configured to provide such redirected radiation having linear polarization in
the second direction to the sensor system separately from such redirected radiation having linear
polarization in the third direction, wherein the cross-polarizing element has a polarization splitting axis
such that the fourth direction is at the angle to the third direction, and the sensor system is configured to
measure an optical characteristic of such redirected radiation having linear polarization in the second
direction and such redirected radiation having linear polarization in the third direction, and the processor
system is further configured to determine a value of a parameter of interest of a patterning process used to
make the metrology target using the measured optical characteristic of the redirected radiation of two or
more selected from: redirected radiation having linear polarization in the second direction obtained with
illumination radiation with linear polarization in the first direction, redirected radiation having linear
polarization in the second direction obtained with illumination radiation with linear polarization in the
fourth direction, redirected radiation having linear polarization in the third direction obtained with
illumination radiation with linear polarization in the first direction, and/or redirected radiation having
linear polarization in the third direction obtained with illumination radiation with linear polarization in the
fourth direction. In an embodiment, the processor system is configured to determine the parameter of
interest using only an optical characteristic measured from redirected radiation having linear polarization
in the third direction obtained with illumination radiation with linear polarization in the first direction, and
an optical characteristic measured from redirected radiation having linear polarization in the second
direction obtained with illumination radiation with linear polarization in the fourth direction.

[0277] In an embodiment, there is provided a metrology apparatus, comprising: an optical element
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configured to provide radiation having a linear polarization in a first direction onto a structure of a target;
a sensor system configured to measure an optical characteristic of radiation redirected from the structure;
a retarder system configured to receive radiation redirected from the structure and to provide a phase to
redirected radiation having linear polarization in the first direction and redirected radiation having linear
polarization in a second direction substantially orthogonal to the first direction, wherein the retarder
system is configured to provide different phase at different times; and a cross-polarizing element
configured to receive radiation redirected from the structure and to provide redirected radiation having
linear polarization in a third direction to the sensor system separately from redirected radiation having
linear polarization in a fourth direction substantially orthogonal to the third direction.

[0278] In an embodiment, the retarder is rotatable within the optical path of the redirected radiation.
In an embodiment, the cross-polarizing element has a polarization splitting axis at an angle to the first and
second directions. In an embodiment, the third direction is at the angle to the first direction and the second
direction is at the angle to the fourth direction. In an embodiment, the target is a portion of a device
pattern itself. In an embodiment, the structure has geometric symmetry at a nominal physical
configuration, wherein a different physical configuration of the structure caused by a patterning process
than the nominal physical configuration causes an asymmetric optical characteristic distribution in a
detected representation of the optical characteristic, and the sensor system is configured to determine a
parameter of interest from the detected representation of the optical characteristic, wherein the parameter
of interest measures change in the physical configuration. In an embodiment, the metrology apparatus
comprises a processor system configured to a value of a parameter of interest of a patterning process used
to make the metrology target using the measured optical characteristic of the redirected radiation having
linear polarization in the third direction and/or the measured optical characteristic of the redirected
radiation having linear polarization in the fourth direction. In an embodiment, the processor system is
configured to separately provide radiation having a linear polarization in the second direction onto the
structure of the target to yield redirected radiation, wherein the cross-polarizing element is configured to
provide such redirected radiation having linear polarization in the third direction to the sensor system
separately from such redirected radiation having linear polarization in the fourth direction and the sensor
system is configured to measure an optical characteristic of such redirected radiation having linear
polarization in the third direction and such redirected radiation having linear polarization in the fourth
direction, and the processor system is further configured to determine a value of a parameter of interest of
a patterning process used to make the metrology target using the measured optical characteristic of the
redirected radiation of two or more selected from: redirected radiation having linear polarization in the
third direction obtained with illumination radiation with linear polarization in the first direction,

redirected radiation having linear polarization in the third direction obtained with illumination radiation
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with linear polarization in the second direction, redirected radiation having linear polarization in the
fourth direction obtained with illumination radiation with linear polarization in the second direction,
and/or redirected radiation having linear polarization in the fourth direction obtained with illumination
radiation with linear polarization in the second direction. In an embodiment, the processor system is
configured to determine the parameter of interest using only an optical characteristic measured from
redirected radiation having linear polarization in the third direction obtained with illumination radiation
with linear polarization in the second direction, and an optical characteristic measured from redirected
radiation having linear polarization in the fourth direction obtained with illumination radiation with linear
polarization in the second direction.

[0279] In an embodiment, there is provided a method, comprising: illuminating a structure of a
metrology target with radiation having a linear polarization in a first direction; receiving radiation
redirected from the structure to a polarizing element, wherein the polarizing element has a polarization
splitting axis at an angle to the first direction; and measuring, using the sensor system, an optical
characteristic of the redirected radiation.

[0280] In an embodiment, the polarizing element is configured to separately provide redirected
radiation of a first type of polarization and redirected radiation of a second type of polarization. In an
embodiment, the first type of polarization is linear polarization in a second direction at angle to the first
direction and the second polarization is linear polarization in a third direction substantially orthogonal to
the second direction. In an embodiment, the method comprises measuring, using the sensor system, an
optical characteristic of the redirected radiation of the first type of polarization and of the second type of
polarization.

[0281] Referring to Figure 26, a computer system 3200 is shown. The computer system 3200
includes a bus 3202 or other communication mechanism for communicating information, and a processor
3204 (or multiple processors 3204 and 3205) coupled with bus 3202 for processing information.
Computer system 3200 also includes a main memory 3206, such as a random access memory (RAM) or
other dynamic storage device, coupled to bus 3202 for storing information and instructions to be executed
by processor 3204. Main memory 3206 also may be used for storing temporary variables or other
intermediate information during execution of instructions to be executed by processor 3204. Computer
system 3200 further includes a read only memory (ROM) 3208 or other static storage device coupled to
bus 3202 for storing static information and instructions for processor 3204. A storage device 3210, such
as a magnetic disk or optical disk, is provided and coupled to bus 3202 for storing information and
instructions.

[0282] Computer system 3200 may be coupled via bus 3202 to a display 3212, such as a cathode ray

tube (CRT) or flat panel or touch panel display for displaying information to a computer user. An input
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device 3214, including alphanumeric and other keys, is coupled to bus 3202 for communicating
information and command selections to processor 3204. Another type of user input device is cursor
control 3216, such as a mouse, a trackball, or cursor direction keys for communicating direction
information and command selections to processor 3204 and for controlling cursor movement on display
3212. This input device typically has two degrees of freedom in two axes, a first axis (e.g., X) and a
second axis (e.g., y), that allows the device to specify positions in a plane. A touch panel (screen) display
may also be used as an input device.

[0283] The computer system 3200 may be suitable to function as a processing unit herein in response
to processor 3204 executing one or more sequences of one or more instructions contained in main
memory 3206. Such instructions may be read into main memory 3206 from another computer-readable
medium, such as storage device 3210. Execution of the sequences of instructions contained in main
memory 3206 causes processor 3204 to perform a process described herein. One or more processors in a
multi-processing arrangement may also be employed to execute the sequences of instructions contained in
main memory 3206. In alternative embodiments, hard-wired circuitry may be used in place of or in
combination with software instructions. Thus, embodiments are not limited to any specific combination of
hardware circuitry and software.

[0284] The term “‘computer-readable medium” as used herein refers to any medium that participates
in providing instructions to processor 3204 for execution. Such a medium may take many forms,
including but not limited to, non-volatile media, volatile media, and transmission media. Non-volatile
media include, for example, optical or magnetic disks, such as storage device 3210. Volatile media
include dynamic memory, such as main memory 3206. Transmission media include coaxial cables,
copper wire and fiber optics, including the wires that comprise bus 3202. Transmission media can also
take the form of acoustic or light waves, such as those generated during radio frequency (RF) and infrared
(IR) data communications. Common forms of computer-readable media include, for example, a floppy
disk, a flexible disk, hard disk, magnetic tape, any other magnetic medium, a CD-ROM, DVD, any other
optical medium, punch cards, paper tape, any other physical medium with patterns of holes, a RAM, a
PROM, and EPROM, a FLASH-EPROM, any other memory chip or cartridge, a carrier wave as
described hereinafter, or any other medium from which a computer can read.

[0285] Various forms of computer readable media may be involved in carrying one or more
sequences of one or more instructions to processor 3204 for execution. For example, the instructions may
initially be borne on a magnetic disk of a remote computer. The remote computer can load the instructions
into its dynamic memory and send the instructions over a telephone line using a modem. A modem local
to computer system 3200 can receive the data on the telephone line and use an infrared transmitter to

convert the data to an infrared signal. An infrared detector coupled to bus 3202 can receive the data
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carried in the infrared signal and place the data on bus 3202. Bus 3202 carries the data to main memory
3206, from which processor 3204 retrieves and executes the instructions. The instructions received by
main memory 3206 may optionally be stored on storage device 3210 either before or after execution by
processor 3204.

[0286] Computer system 3200 may also include a communication interface 3218 coupled to bus
3202. Communication interface 3218 provides a two-way data communication coupling to a network link
3220 that is connected to a local network 3222. For example, communication interface 3218 may be an
integrated services digital network (ISDN) card or a modem to provide a data communication connection
to a corresponding type of telephone line. As another example, communication interface 3218 may be a
local area network (ILAN) card to provide a data communication connection to a compatible LAN.
Wireless links may also be implemented. In any such implementation, communication interface 3218
sends and receives electrical, electromagnetic or optical signals that carry digital data streams
representing various types of information.

[0287] Network link 3220 typically provides data communication through one or more networks to
other data devices. For example, network link 3220 may provide a connection through local network 3222
to a host computer 3224 or to data equipment operated by an Internet Service Provider (ISP) 3226. ISP
3226 in turn provides data communication services through the worldwide packet data communication
network, now commonly referred to as the “Internet” 3228. Local network 3222 and Internet 3228 both
use electrical, electromagnetic or optical signals that carry digital data streams. The signals through the
various networks and the signals on network link 3220 and through communication interface 3218, which
carry the digital data to and from computer system 3200, are exemplary forms of carrier waves
transporting the information.

[0288] Computer system 3200 can send messages and receive data, including program code, through
the network(s), network link 3220, and communication interface 3218. In the Internet example, a server
3230 might transmit a requested code for an application program through Internet 3228, ISP 3226, local
network 3222 and communication interface 3218. In accordance with one or more embodiments, one such
downloaded application provides for a method as disclosed herein, for example. The received code may
be executed by processor 3204 as it is received, and/or stored in storage device 3210, or other non-volatile
storage for later execution. In this manner, computer system 3200 may obtain application code in the form
of a carrier wave.

[0289] An embodiment of the disclosure may take the form of a computer program containing one or
more sequences of machine-readable instructions describing a method as disclosed herein, or a data
storage medium (e.g. semiconductor memory, magnetic or optical disk) having such a computer program

stored therein. Further, the machine readable instruction may be embodied in two or more computer
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programs. The two or more computer programs may be stored on one or more different memories and/or
data storage media.
[0290] Any controllers described herein may each or in combination be operable when the one or
more computer programs are read by one or more computer processors located within at least one
component of the lithographic apparatus. The controllers may each or in combination have any suitable
configuration for receiving, processing, and sending signals. One or more processors are configured to
communicate with the at least one of the controllers. For example, each controller may include one or
more processors for executing the computer programs that include machine-readable instructions for the
methods described above. The controllers may include data storage medium for storing such computer
programs, and/or hardware to receive such medium. So the controller(s) may operate according the
machine readable instructions of one or more computer programs.
[0291] Although specific reference may be made in this text to the use of a metrology apparatus in
the manufacture of ICs, it should be understood that the metrology apparatus and processes described
herein may have other applications, such as the manufacture of integrated optical systems, guidance and
detection patterns for magnetic domain memories, flat-panel displays, liquid-crystal displays (I.CDs), thin
film magnetic heads, etc. The skilled artisan will appreciate that, in the context of such alternative
applications, any use of the terms “wafer” or “die” herein may be considered as synonymous with the
more general terms “substrate” or “target portion”, respectively. The substrate referred to herein may be
processed, before or after exposure, in for example a track (a tool that typically applies a layer of resist to
a substrate and develops the exposed resist), a metrology tool and/or one or more various other tools.
Where applicable, the disclosure herein may be applied to such and other substrate processing tools.
Further, the substrate may be processed more than once, for example in order to create a multi-layer IC,
so that the term substrate used herein may also refer to a substrate that already contains multiple
processed layers.
[0292] Further embodiments according to the invention are further described in below numbered
clauses:

1. A method, comprising:

illuminating a structure of a metrology target with radiation having a linear polarization in a first
direction;
receiving radiation redirected from the structure to a cross-polarizing element, the cross-

polarizing element providing diffracted radiation having linear polarization in a second direction to a

sensor system separately from redirected radiation having linear polarization in a third direction

substantially orthogonal to the second direction, wherein the cross-polarizing element has a

polarization splitting axis such that the first direction is at an angle to the second direction; and
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measuring, using the sensor system, an optical characteristic of the redirected radiation having
linear polarization in the second direction and redirected radiation having linear polarization in the
third direction.
2. The method of clause 1, further comprising separately illuminating the structure with radiation
having the linear polarization in a fourth direction orthogonal to the first direction to yield redirected
radiation, using the cross-polarizing element to provide such redirected radiation having linear
polarization in the second direction to the sensor system separately from such redirected radiation
having linear polarization in the third direction, wherein the cross-polarizing element has a
polarization splitting axis such that the fourth direction is at the angle to the third direction, and
measuring, using the sensor system, an optical characteristic of such redirected radiation having linear
polarization in the second direction and such redirected radiation having linear polarization in the
third direction.
3. The method of clause 2, further comprising determining a parameter of interest of a patterning
process used to form the metrology target using only an optical characteristic measured from
redirected radiation having linear polarization in the third direction obtained with illumination
radiation having the linear polarization in the first direction and an optical characteristic measured
from redirected radiation having linear polarization in the second direction obtained with illumination
radiation having the linear polarization in the fourth direction.
4. The method of any of clauses 1-3, wherein the angle is selected from the range of 40 to 50
degrees.
5. The method of any of clauses 1-4, wherein the target is a portion of a device pattern itself.
6. The method of any of clauses 1-5, wherein the structure has geometric symmetry at a nominal
physical configuration, wherein a different physical configuration of the structure caused by a
patterning process than the nominal physical configuration causes an asymmetric optical
characteristic distribution in a detected representation of the optical characteristic and comprising
determining a parameter of interest from the detected representation of the optical characteristic,
wherein the parameter of interest measures change in the physical configuration.
7. The method of any of clauses 1, 2 or 4-6, further comprising determining a value of a parameter
of interest of a patterning process used to make the metrology target using the measured optical
characteristic of the redirected radiation having linear polarization in the third direction and the
measured optical characteristic of the redirected radiation having linear polarization in the third
direction.
8. A metrology apparatus, comprising:

an optical element configured to provide radiation having a linear polarization in a first direction onto
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a structure of a target;

a sensor system configured to measure an optical characteristic of radiation redirected from the
structure; and

a cross-polarizing element configured to receive radiation redirected from the structure and to provide
redirected radiation having linear polarization in a second direction to the sensor system separately
from redirected radiation having linear polarization in a third direction substantially orthogonal to the
second direction, wherein the cross-polarizing element has a polarization splitting axis such that the
first direction is at an angle to the second direction.

9. The metrology apparatus of clause 8, wherein the angle is selected from the range of 40 to 50
degrees.

10. The metrology apparatus of clause 8 or clause 9, wherein the target is a portion of a device
pattern itself.

11. The metrology apparatus of any of clauses 8-10, wherein the structure has geometric symmetry at
a nominal physical configuration, wherein a different physical configuration of the structure caused
by a patterning process than the nominal physical configuration causes an asymmetric optical
characteristic distribution in a detected representation of the optical characteristic, and a processor
system configured to determine a parameter of interest from the detected representation of the optical
characteristic, wherein the parameter of interest measures change in the physical configuration.

12. The metrology apparatus of any of clauses 8-11, comprising a processor system configured to a
value of a parameter of interest of a patterning process used to make the metrology target using the
measured optical characteristic of the redirected radiation having linear polarization in the second
direction and/or the measured optical characteristic of the redirected radiation having linear
polarization in the third direction.

13. The metrology apparatus of clause 12, wherein the processor system is configured to separately
provide radiation having a linear polarization in a fourth direction onto the structure of the target to
yield redirected radiation, wherein the cross-polarizing element is configured to provide such
redirected radiation having linear polarization in the second direction to the sensor system separately
from such redirected radiation having linear polarization in the third direction, wherein the cross-
polarizing element has a polarization splitting axis such that the fourth direction is at the angle to the
third direction, and the sensor system is configured to measure an optical characteristic of such
redirected radiation having linear polarization in the second direction and such redirected radiation
having linear polarization in the third direction, and the processor system is further configured to
determine a value of a parameter of interest of a patterning process used to make the metrology target

using the measured optical characteristic of the redirected radiation of two or more selected from:
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redirected radiation having linear polarization in the second direction obtained with illumination
radiation with linear polarization in the first direction, redirected radiation having linear polarization
in the second direction obtained with illumination radiation with linear polarization in the fourth
direction, redirected radiation having linear polarization in the third direction obtained with
illumination radiation with linear polarization in the first direction, and/or redirected radiation having
linear polarization in the third direction obtained with illumination radiation with linear polarization
in the fourth direction.

14. The metrology apparatus of clause 13, wherein the processor system is configured to determine
the parameter of interest using only an optical characteristic measured from redirected radiation
having linear polarization in the third direction obtained with illumination radiation with linear
polarization in the first direction, and an optical characteristic measured from redirected radiation
having linear polarization in the second direction obtained with illumination radiation with linear
polarization in the fourth direction.

15. A metrology apparatus, comprising:

an optical element configured to provide radiation having a linear polarization in a first direction
onto a structure of a target;

a sensor system configured to measure an optical characteristic of radiation redirected from the
structure;

a retarder system configured to receive radiation redirected from the structure and to provide a
phase to redirected radiation having linear polarization in the first direction and redirected radiation
having linear polarization in a second direction substantially orthogonal to the first direction, wherein
the retarder system is configured to provide different phase at different times; and

a cross-polarizing element configured to receive radiation redirected from the structure and to
provide redirected radiation having linear polarization in a third direction to the sensor system
separately from redirected radiation having linear polarization in a fourth direction substantially
orthogonal to the third direction.

16. The metrology apparatus of clause 15, wherein the retarder is rotatable within the optical path of
the redirected radiation.

17. The metrology apparatus of clause 15 or clause 16, wherein the cross-polarizing element has a
polarization splitting axis at an angle to the first and second directions.

18. The metrology apparatus of clause 17, wherein the third direction is at the angle to the first
direction and the second direction is at the angle to the fourth direction.

19. The metrology apparatus of any of clauses 15-18, wherein the target is a portion of a device

pattern itself.



10

15

20

25

30

WO 2019/048342 PCT/EP2018/073413

80

20. The metrology apparatus of any of clauses 15-19, wherein the structure has geometric symmetry
at a nominal physical configuration, wherein a different physical configuration of the structure caused
by a patterning process than the nominal physical configuration causes an asymmetric optical
characteristic distribution in a detected representation of the optical characteristic, and the sensor
system is configured to determine a parameter of interest from the detected representation of the
optical characteristic, wherein the parameter of interest measures change in the physical
configuration.

21. The metrology apparatus of any of clauses 15-20, comprising a processor system configured to a
value of a parameter of interest of a patterning process used to make the metrology target using the
measured optical characteristic of the redirected radiation having linear polarization in the third
direction and/or the measured optical characteristic of the redirected radiation having linear
polarization in the fourth direction.

22. The metrology apparatus of clause 21, wherein the processor system is configured to separately
provide radiation having a linear polarization in the second direction onto the structure of the target to
yield redirected radiation, wherein the cross-polarizing element is configured to provide such
redirected radiation having linear polarization in the third direction to the sensor system separately
from such redirected radiation having linear polarization in the fourth direction and the sensor system
is configured to measure an optical characteristic of such redirected radiation having linear
polarization in the third direction and such redirected radiation having linear polarization in the fourth
direction, and the processor system is further configured to determine a value of a parameter of
interest of a patterning process used to make the metrology target using the measured optical
characteristic of the redirected radiation of two or more selected from: redirected radiation having
linear polarization in the third direction obtained with illumination radiation with linear polarization
in the first direction, redirected radiation having linear polarization in the third direction obtained with
illumination radiation with linear polarization in the second direction, redirected radiation having
linear polarization in the fourth direction obtained with illumination radiation with linear polarization
in the second direction, and/or redirected radiation having linear polarization in the fourth direction
obtained with illumination radiation with linear polarization in the second direction.

23. The metrology apparatus of clause 22, wherein the processor system is configured to determine
the parameter of interest using only an optical characteristic measured from redirected radiation
having linear polarization in the third direction obtained with illumination radiation with linear
polarization in the second direction, and an optical characteristic measured from redirected radiation
having linear polarization in the fourth direction obtained with illumination radiation with linear

polarization in the second direction.
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24. A method, comprising:

illuminating a structure of a metrology target with radiation having a linear polarization in a first
direction;

receiving radiation redirected from the structure to a polarizing element, wherein the polarizing
clement has a polarization splitting axis at an angle to the first direction; and

measuring, using the sensor system, an optical characteristic of the redirected radiation.

25. The method of clause 24, wherein the polarizing element is configured to separately provide
redirected radiation of a first type of polarization and redirected radiation of a second type of
polarization.

26. The method of clause 25, wherein the first type of polarization is linear polarization in a second
direction at angle to the first direction and the second polarization is linear polarization in a third
direction substantially orthogonal to the second direction.

27. The method of clause 25 or clause 26, comprising measuring, using the sensor system, an optical
characteristic of the redirected radiation of the first type of polarization and of the second type of
polarization.

28. A computer program product comprising a computer non-transitory readable medium having
instructions recorded thereon, the instructions when executed by a computer implementing the
method of any of clauses 1-7 or 24-27.

29. A system comprising:

a hardware processor system; and

a non-transitory computer readable storage medium configured to store machine-readable
instructions, wherein when executed, the machine-readable instructions cause the hardware processor
system to perform a method of any of clauses 1-7 or 24-27.

30. A metrology apparatus for measuring an object of a patterning process, the metrology apparatus
configured to perform the method of any of clauses 1-7 or 24-27.

31. A system comprising:

a metrology apparatus configured to provide a beam of radiation onto an object surface and to detect
radiation redirected by the structure on the object surface; and

the computer program product of clause 28.

32. The system of clause 31, further comprising a lithographic apparatus comprising a support
structure configured to hold a patterning device to modulate a radiation beam and a projection optical
system arranged to project the modulated radiation beam onto a radiation-sensitive substrate, wherein
the object is the substrate and the lithographic apparatus is configured to control a setting of the

lithographic apparatus based on information obtained using the metrology apparatus and the computer
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program product.
[0293] Although specific reference may have been made above to the use of embodiments of the
disclosure in the context of optical lithography, it will be appreciated that the disclosure may be used in
other applications, for example nanoimprint lithography, and where the context allows, is not limited to
optical lithography. In the case of nanoimprint lithography, the patterning device is an imprint template or
mold.
[0294] The terms “radiation” and “beam” used herein encompass all types of electromagnetic
radiation, including ultraviolet (UV) radiation (e.g. having a wavelength of or about 365, 355, 248, 193,
157 or 126 nm) and extreme ultra-violet (EUV) radiation (e.g. having a wavelength in the range of 5-20
nm), as well as particle beams, such as ion beams or electron beams.
[0295] The term “lens”, where the context allows, may refer to any one or combination of various
types of optical components, including refractive, reflective, magnetic, electromagnetic and electrostatic
optical components.
[0296] References herein to crossing or passing a threshold may include something having a value
lower than a specific value or lower than or equal to a specific value, something having a value higher
than a specific value or higher than or equal to a specific value, something being ranked higher or lower
than something else (through e.g., sorting) based on, e.g., a parameter, etc.
[0297] References herein to correcting or corrections of an error include eliminating the error or
reducing the error to within a tolerance range.
[0298] The term “optimizing” and “optimization” as used herein refers to or means adjusting a
lithographic apparatus, a patterning process, etc. such that results and/or processes of lithography or
patterning processing have more a desirable characteristic, such as higher accuracy of projection of a
design layout on a substrate, a larger process window, etc. Thus, the term “optimizing” and
“optimization” as used herein refers to or means a process that identifies one or more values for one or
more variables that provide an improvement, e.g. a local optimum, in at least one relevant metric,
compared to an initial set of one or more values for those one or more variables. "Optimum" and other
related terms should be construed accordingly. In an embodiment, optimization steps can be applied
iteratively to provide further improvements in one or more metrics.
[0299] In an optimization process of a system, a figure of merit of the system or process can be
represented as a cost function. The optimization process boils down to a process of finding a set of
parameters (design variables) of the system or process that optimizes (e.g., minimizes or maximizes) the
cost function. The cost function can have any suitable form depending on the goal of the optimization.
For example, the cost function can be weighted root mean square (RMS) of deviations of certain

characteristics (evaluation points) of the system or process with respect to the intended values (e.g., ideal
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values) of these characteristics; the cost function can also be the maximum of these deviations (i.e., worst
deviation). The term “evaluation points” herein should be interpreted broadly to include any
characteristics of the system or process. The design variables of the system can be confined to finite
ranges and/or be interdependent due to practicalities of implementations of the system or process. In the
case of a lithographic apparatus or patterning process, the constraints are often associated with physical
properties and characteristics of the hardware such as tunable ranges, and/or patterning device
manufacturability design rules, and the evaluation points can include physical points on a resist image on
a substrate, as well as non-physical characteristics such as dose and focus.

[0300] While specific embodiments of the disclosure have been described above, it will be
appreciated that the disclosure may be practiced otherwise than as described. For example, the disclosure
may take the form of a computer program containing one or more sequences of machine-readable
instructions describing a method as disclosed above, or a data storage medium (e.g. semiconductor
memory, magnetic or optical disk) having such a computer program stored therein.

[0301] In block diagrams, illustrated components are depicted as discrete functional blocks, but
embodiments are not limited to systems in which the functionality described herein is organized as
illustrated. The functionality provided by each of the components may be provided by software or
hardware modules that are differently organized than is presently depicted, for example such software or
hardware may be intermingled, conjoined, replicated, broken up, distributed (e.g. within a data center or
geographically), or otherwise differently organized. The functionality described herein may be provided
by one or more processors of one or more computers executing code stored on a tangible, non-transitory,
machine readable medium. In some cases, third party content delivery networks may host some or all of
the information conveyed over networks, in which case, to the extent information (e.g., content) is said to
be supplied or otherwise provided, the information may be provided by sending instructions to retrieve
that information from a content delivery network.

[0302] Unless specifically stated otherwise, as apparent from the discussion, it is appreciated that

¢

throughout this specification discussions utilizing terms such as “processing,” “‘computing,”
“calculating,” “determining” or the like refer to actions or processes of a specific apparatus, such as a
special purpose computer or a similar special purpose electronic processing/computing device.

[0303] The reader should appreciate that the present application describes several inventions. Rather
than separating those inventions into multiple isolated patent applications, applicants have grouped these
inventions into a single document because their related subject matter lends itself to economies in the
application process. But the distinct advantages and aspects of such inventions should not be conflated. In

some cases, embodiments address all of the deficiencies noted herein, but it should be understood that the

inventions are independently useful, and some embodiments address only a subset of such problems or
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offer other, unmentioned benefits that will be apparent to those of skill in the art reviewing the present
disclosure. Due to costs constraints, some inventions disclosed herein may not be presently claimed and
may be claimed in later filings, such as continuation applications or by amending the present claims.
Similarly, due to space constraints, neither the Abstract nor the Summary of the Invention sections of the
present document should be taken as containing a comprehensive listing of all such inventions or all
aspects of such inventions.

[0304] It should be understood that the description and the drawings are not intended to limit the
invention to the particular form disclosed, but to the contrary, the intention is to cover all modifications,
equivalents, and alternatives falling within the spirit and scope of the present invention as defined by the
appended claims.

[0305] Modifications and alternative embodiments of various aspects of the invention will be
apparent to those skilled in the art in view of this description. Accordingly, this description and the
drawings are to be construed as illustrative only and are for the purpose of teaching those skilled in the art
the general manner of carrying out the invention. It is to be understood that the forms of the invention
shown and described herein are to be taken as examples of embodiments. Elements and materials may be
substituted for those illustrated and described herein, parts and processes may be reversed or omitted,
certain features may be utilized independently, and embodiments or features of embodiments may be
combined, all as would be apparent to one skilled in the art after having the benefit of this description of
the invention. Changes may be made in the elements described herein without departing from the spirit
and scope of the invention as described in the following claims. Headings used herein are for
organizational purposes only and are not meant to be used to limit the scope of the description.

[0306] As used throughout this application, the word “may” is used in a permissive sense (i.e.,
meaning having the potential to), rather than the mandatory sense (i.e., meaning must). The words

LR Y3

“include”, “including”, and “includes™ and the like mean including, but not limited to. As used throughout

% ¢

this application, the singular forms *“a,” “an,” and “the” include plural referents unless the content
explicitly indicates otherwise. Thus, for example, reference to “an” element or "a” element includes a
combination of two or more elements, notwithstanding use of other terms and phrases for one or more
elements, such as “one or more.” The term "or" is, unless indicated otherwise, non-exclusive, i.c.,
encompassing both "and" and "or." Terms describing conditional relationships, e.g., "in response to X,
Y.," "upon X, Y.", “if X, Y,” "when X, Y," and the like, encompass causal relationships in which the
antecedent is a necessary causal condition, the antecedent is a sufficient causal condition, or the
antecedent is a contributory causal condition of the consequent, e.g., "state X occurs upon condition Y

obtaining" is generic to "X occurs solely upon Y" and "X occurs upon Y and Z." Such conditional

relationships are not limited to consequences that instantly follow the antecedent obtaining, as some
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consequences may be delayed, and in conditional statements, antecedents are connected to their
consequents, e.g., the antecedent is relevant to the likelihood of the consequent occurring. Statements in
which a plurality of attributes or functions are mapped to a plurality of objects (e.g., one or more
processors performing steps A, B, C, and D) encompasses both all such attributes or functions being
mapped to all such objects and subsets of the attributes or functions being mapped to subsets of the
attributes or functions (e.g., both all processors each performing steps A-D, and a case in which processor
1 performs step A, processor 2 performs step B and part of step C, and processor 3 performs part of step
C and step D), unless otherwise indicated. Further, unless otherwise indicated, statements that one value
or action is “based on” another condition or value encompass both instances in which the condition or
value is the sole factor and instances in which the condition or value is one factor among a plurality of
factors. Unless otherwise indicated, statements that “each” instance of some collection have some
property should not be read to exclude cases where some otherwise identical or similar members of a
larger collection do not have the property, i.e., each does not necessarily mean each and every.

[0307] To the extent certain U.S. patents, U.S. patent applications, or other materials (e.g., articles)
have been incorporated by reference, the text of such U.S. patents, U.S. patent applications, and other
materials is only incorporated by reference to the extent that no conflict exists between such material and
the statements and drawings set forth herein. In the event of such conflict, any such conflicting text in
such incorporated by reference U.S. patents, U.S. patent applications, and other materials is specifically
not incorporated by reference herein.

[0308] The descriptions above are intended to be illustrative, not limiting. Thus, it will be apparent
to one skilled in the art that modifications may be made to the disclosure as described without departing

from the scope of the claims set out below.
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CLAIMS:

1. A method, comprising:

illuminating a structure of a metrology target with radiation having a linear polarization in a first
direction;

receiving radiation redirected from the structure to a cross-polarizing element, the cross-
polarizing element providing diffracted radiation having linear polarization in a second direction to a
sensor system separately from redirected radiation having linear polarization in a third direction
substantially orthogonal to the second direction, wherein the cross-polarizing element has a polarization
splitting axis such that the first direction is at an angle to the second direction; and

measuring, using the sensor system, an optical characteristic of the redirected radiation having
linear polarization in the second direction and redirected radiation having linear polarization in the third

direction.

2. The method of claim 1, further comprising separately illuminating the structure with radiation
having the linear polarization in a fourth direction orthogonal to the first direction to yield redirected
radiation, using the cross-polarizing element to provide such redirected radiation having linear
polarization in the second direction to the sensor system separately from such redirected radiation having
linear polarization in the third direction, wherein the cross-polarizing element has a polarization splitting
axis such that the fourth direction is at the angle to the third direction, and measuring, using the sensor
system, an optical characteristic of such redirected radiation having linear polarization in the second

direction and such redirected radiation having linear polarization in the third direction.

3. The method of claim 2, further comprising determining a parameter of interest of a patterning
process used to form the metrology target using only an optical characteristic measured from redirected
radiation having linear polarization in the third direction obtained with illumination radiation having the
linear polarization in the first direction and an optical characteristic measured from redirected radiation
having linear polarization in the second direction obtained with illumination radiation having the linear

polarization in the fourth direction.

4. The method of any of claims 1-3, wherein the angle is selected from the range of 40 to 50

degrees.

5. The method of any of claims 1-4, wherein the target is a portion of a device pattern itself.
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6. The method of any of claims 1-5, wherein the structure has geometric symmetry at a nominal
physical configuration, wherein a different physical configuration of the structure caused by a patterning
process than the nominal physical configuration causes an asymmetric optical characteristic distribution
in a detected representation of the optical characteristic and comprising determining a parameter of
interest from the detected representation of the optical characteristic, wherein the parameter of interest

measures change in the physical configuration.

1. The method of any of claims 1, 2 or 4-6, further comprising determining a value of a parameter of
interest of a patterning process used to make the metrology target using the measured optical
characteristic of the redirected radiation having linear polarization in the third direction and the measured

optical characteristic of the redirected radiation having linear polarization in the third direction.

8. A metrology apparatus, comprising:

an optical element configured to provide radiation having a linear polarization in a first direction onto a
structure of a target;

a sensor system configured to measure an optical characteristic of radiation redirected from the structure;
and

a cross-polarizing element configured to receive radiation redirected from the structure and to provide
redirected radiation having linear polarization in a second direction to the sensor system separately from
redirected radiation having linear polarization in a third direction substantially orthogonal to the second
direction, wherein the cross-polarizing element has a polarization splitting axis such that the first direction

is at an angle to the second direction.

9. The metrology apparatus of claim 8, wherein the angle is selected from the range of 40 to 50
degrees.

10. The metrology apparatus of claim 8 or claim 9, wherein the target is a portion of a device pattern
itself.

11. The metrology apparatus of any of claims 8-10, wherein the structure has geometric symmetry at

a nominal physical configuration, wherein a different physical configuration of the structure caused by a
patterning process than the nominal physical configuration causes an asymmetric optical characteristic

distribution in a detected representation of the optical characteristic, and a processor system configured to
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determine a parameter of interest from the detected representation of the optical characteristic, wherein

the parameter of interest measures change in the physical configuration.

12. The metrology apparatus of any of claims 8-11, comprising a processor system configured to a
value of a parameter of interest of a patterning process used to make the metrology target using the
measured optical characteristic of the redirected radiation having linear polarization in the second
direction and/or the measured optical characteristic of the redirected radiation having linear polarization

in the third direction.

13. The metrology apparatus of claim 12, wherein the processor system is configured to separately
provide radiation having a linear polarization in a fourth direction onto the structure of the target to yield
redirected radiation, wherein the cross-polarizing element is configured to provide such redirected
radiation having linear polarization in the second direction to the sensor system separately from such
redirected radiation having linear polarization in the third direction, wherein the cross-polarizing element
has a polarization splitting axis such that the fourth direction is at the angle to the third direction, and the
sensor system is configured to measure an optical characteristic of such redirected radiation having linear
polarization in the second direction and such redirected radiation having linear polarization in the third
direction, and the processor system is further configured to determine a value of a parameter of interest of
a patterning process used to make the metrology target using the measured optical characteristic of the
redirected radiation of two or more selected from: redirected radiation having linear polarization in the
second direction obtained with illumination radiation with linear polarization in the first direction,
redirected radiation having linear polarization in the second direction obtained with illumination radiation
with linear polarization in the fourth direction, redirected radiation having linear polarization in the third
direction obtained with illumination radiation with linear polarization in the first direction, and/or
redirected radiation having linear polarization in the third direction obtained with illumination radiation

with linear polarization in the fourth direction.

14. The metrology apparatus of claim 13, wherein the processor system is configured to determine
the parameter of interest using only an optical characteristic measured from redirected radiation having
linear polarization in the third direction obtained with illumination radiation with linear polarization in the
first direction, and an optical characteristic measured from redirected radiation having linear polarization
in the second direction obtained with illumination radiation with linear polarization in the fourth

direction.
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