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(57) Abstract: Disclosed is a method of measuring a target, and a metrology apparatus. In one arrangement the target comprises a
layered structure. The layered structure has a first target structure in a first layer and a second target structure in a second layer. The
method comprises illuminating the target with measurement radiation using an illumination profile in the illumination pupil (u) that is
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diffraction orders (w», wy) is detected. A characteristic of the lithographic process is calculated using the detected scattered radiation

of the predetermined diffraction orders.
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METHOD OF MEASURING A TARGET, AND METROLOGY APPARATUS

BACKGROUND

Cross-reference to related applications

[0001] This application claims priority of EP application 18152036.2 which was filed on January 17,

2018 and EP application 18152306.9 which was filed on January 18, 2018 and which are

incorporated herein in its entirety by reference.

Field of the invention

[0002] The present invention relates to methods and apparatus for metrology usable, for example, in the

manufacture of devices by lithographic techniques.

Background Art

[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). 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 IC. 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. In lithographic processes, it is desirable frequently to make
measurements of the structures created, e.g., for process control and verification. Various tools
for making such measurements are known, including scanning electron microscopes, which are
often used to measure critical dimension (CD), and specialized tools to measure overlay, a
measure of the accuracy of alignment of two layers in a device. Overlay may be described in
terms of the degree of misalignment between the two layers, for example reference to a measured

overlay of Inm may describe a situation where two layers are misaligned by 1nm.

[0004] Recently, various forms of scatterometers have been developed for use in the lithographic field.

These devices direct a beam of radiation onto a target and measure one or more properties of the
scattered radiation — e.g., intensity at a single angle of reflection as a function of wavelength;
intensity at one or more wavelengths as a function of reflected angle; or polarization as a function
of reflected angle — to obtain a “spectrum” from which a property of interest of the target can be
determined. Determination of the property of interest may be performed by various techniques:
e.g., reconstruction of the target by iterative approaches such as rigorous coupled wave analysis

or finite element methods; library searches; and principal component analysis.
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[0005] The targets used by conventional scatterometers are relatively large, e.g., 40um by 40um,

gratings and the measurement beam generates a spot that is smaller than the grating (i.e., the
grating is underfilled). This simplifies mathematical reconstruction of the target as it can be
regarded as infinite. However, in order to reduce the size of the targets, e.g., to 10um by 10pum
or less, e.g., so they can be positioned in amongst product features, rather than in the scribe lane,
metrology has been proposed in which the grating is made smaller than the measurement spot
(i.e., the grating is overfilled). Typically, such targets are 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
international patent applications WO 2009/078708 and WO 2009/106279 which documents are
hereby incorporated by reference in their entirety. Further developments of the technique have
been described in patent publications US20110027704A, US20110043791A and
US20120242970A. The contents of all these applications are also incorporated herein 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 product structures on a wafer. Targets can comprise multiple gratings

which can be measured in one image.

[0006] In the known metrology technique, overlay measurement results are obtained by measuring an

overlay target twice under certain conditions, while either rotating the overlay target or changing
the illumination mode or imaging mode to obtain separately the -1st and the +1st diffraction
order intensities. The intensity asymmetry, a comparison of these diffraction order intensities,
for a given overlay target provides a measurement of target asymmetry, that is asymmetry in the
target. This asymmetry in the overlay target can be used as an indicator of overlay error

(undesired misalignment of two layers).

[0007] It has been found that changes in the manufacturing process of the semiconductor device can

reduce the robustness or reliability of overlay error measurements.

[0008] It is an object of the invention to improve the robustness or reliability of measurements of a

lithographic characteristic such as overlay error.

SUMMARY OF THE INVENTION

[0009] According to a first aspect of the present invention, there is provided a method of measuring a

target formed by a lithographic process, the target comprising a layered structure having a first
target structure in a first layer and a second target structure in a second layer, the method
comprising:

positioning the target in an optical axis of an optical system having an illumination

pupil and a detection pupil in corresponding pupil planes of the optical system,
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[0010]

[0011]

[0012]

illuminating the target with measurement radiation using an illumination profile in the
illumination pupil that is offset from an imaginary line in the illumination pupil passing through
the optical axis, the imaginary line corresponding to a direction of periodicity of a target
structure, wherein the illumination profile is configured to allow propagation to a detection
region of the detection pupil of an allowed order of a predetermined diffraction order while
limiting propagation to the detection region of an equal and opposite order of that
predetermined diffraction order;

detecting scattered radiation of plural allowed diffraction orders, wherein the allowed
diffraction orders are generated by diffraction of the measurement radiation from the first target
structure and are subsequently diffracted from the second target structure; and

calculating a characteristic of the lithographic process using the detected scattered
radiation of the allowed diffraction orders.
According to a second aspect of the present invention, there is provided a metrology apparatus
comprising:

an illumination system configured to illuminate with measurement radiation a target
produced using a lithographic process on a substrate; and

a detection system configured to detect scattered radiation arising from illumination of
the target, wherein:

the metrology apparatus is operable to perform the method of the first aspect.
Further features and advantages of the invention, as well as the structure and operation of
various embodiments of the invention, are described in detail below with reference to the
accompanying drawings. It is noted that the invention is not limited to the specific
embodiments described herein. Such embodiments are presented herein for illustrative
purposes only. Additional embodiments will be apparent to persons skilled in the relevant art(s)

based on the teachings contained herein.

BRIEF DESCRIPTION OF THE DRAWINGS
Embodiments of the invention will now be described, by way of example only, with reference
to the accompanying drawings in which:

Figure 1 depicts a lithographic apparatus according to an embodiment of the invention;

Figure 2 depicts a lithographic cell or cluster according to an embodiment of the
mvention;

Figures 3(a)-3(d) comprise 3(a) a schematic diagram of a dark field scatterometer for
use in measuring targets using a first pair of illumination apertures, 3(b) a detail of diffraction
spectrum of a target grating for a given direction of illumination 3(c) a second pair of
illumination apertures providing further illumination modes in using the scatterometer for

diffraction based overlay measurements and 3(d) a third pair of illumination apertures combining
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the first and second pair of apertures;

Figure 4 depicts a known form of multiple grating target and an outline of a
measurement spot on a substrate;

Figure 5 depicts an image of the target of Figure 4 obtained in the scatterometer of
Figure 3;

Figure 6 is a flowchart showing the steps of an overlay measurement method using the
scatterometer of Figure 3 and adaptable to form embodiments of the present invention;

Figure 7 illustrates some of the main diffraction modes resultant from diffraction by an
overlay target in a known manner;

Figures 8(a)-8(c) comprise flowcharts of different aspects of an exemplary target
design method usable in designing targets disclosed herein;

Figure 9 is a perspective view showing trajectories of example rays through an
exemplary target;

Figure 10 is a perspective view of the arrangement of Figure 9 from a different angle;

Figure 11 is a perspective view of the arrangement of Figure 9 from a further different
angle;

Figure 12 is a side sectional view of the arrangement of Figure 9;

Figure 13 is a top view of an example second target structure in a target;

Figure 14 is a top view of an example first target structure in the target of Figure 13;

Figure 15 depicts detected fringe patterns formed from two pairs of overlapping target
sub-structures;

Figure 16 shows plots of signal intensity (vertical axis) against position (horizontal
axis) for fringe patterns in a region of interest;

Figures 17(a) and 17(b) respectively depict a frequency spectrum and phase spectrum
of the fringe patterns of Figure 16;

Figure 18 is a plot of measurements of phase for different wavelengths of measurement
radiation at two different overlay values;

Figure 19 is a plot of measurements of phase for different target thicknesses (layer
thickness) at five different overlay values;

Figures 20(a) and 20(b) are top views respectively of a further example second target
structure and a further example first target structure;

Figure 21 depicts trajectories of example rays through a target comprising a pair of
overlapping target sub-structures having first periodic components with the same pitch;

Figure 22 is a Fourier space representation of diffraction from the overlapping target
sub-structures shown in Figure 21;

Figure 23 depicts four intensity sub-regions resulting from scattering from four

differently biased pairs of overlapping target sub-structures of the type depicted in Figure 21;
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Figure 24 is a top view of four differently biased pairs of overlapping target sub-
structures of the type depicted in Figure 21;

Figure 25 is a side sectional view perpendicular to plane X-X shown in Figure 24;

Figure 26 is a side sectional view perpendicular to plane Y-Y shown in Figure 24;

Figure 27 is a plot of expected intensity variation against overlay offset, showing four
expected intensity values corresponding to four differently biased pairs of overlapping target
sub-structures of the type depicted in Figure 21;

Figure 28 depicts trajectories of example rays through a target comprising a pair of
overlapping target sub-structures having first periodic components with different pitch;

Figure 29 is a Fourier space representation of diffraction from the overlapping target
sub-structures shown in Figure 28;

Figure 30 is a top view of two pairs of overlapping target sub-structures of the type
depicted in Figure 29;

Figure 31 is a side sectional view perpendicular to plane X-X shown in Figure 30;

Figure 32 is a side sectional view of a target comprising four target structures with
different pitches in different layers;

Figures 33(a)-33(c) illustrate a correspondence between a method of measuring overlay
error using pairs of target sub-structures with common pitch and different overlay bias and a
method of measuring overlay error using a pair of target sub-structures with different pitch.

Figure 34 depicts a checkerboard pattern with rectangular elements;

Figure 35 depicts a tilted checkerboard pattern;

Figures 36(a)-36(b), 37(a)-37(b), 38(a)-38(b) and 39(a)-39(b) depict further examples
of pairs of target structures;

Figures 40(a)-(c) depict trajectories in 2D of example rays through a target with double
diffraction (a) in reflection then transmission (2 waves), (b) in transmission then reflection (2
waves), and (¢) in both reflection/transmission then in transmission/reflection (4 waves);

Figures 41(a)-(c) depict trajectories 2D of coincident example rays through a target
with double diffraction (a) in reflection then transmission, (b) in transmission then reflection,
and (c) in both reflection/transmission then in transmission/reflection;

Figures 42(a)-(¢) depict trajectories through an unfolded path in 2D of coincident
example rays with double diffraction (a) in reflection then transmission, (b) in transmission then
reflection, and (¢) in both reflection/transmission then in transmission/reflection;

Figures 43(a)-(c) depict trajectories in 3D of coincident example rays through an
unfolded path with double diffraction (a) in reflection then transmission, (b) in transmission then
reflection, and (¢) in both reflection/transmission then in transmission/reflection;

Figures 44(a)-(c) depict trajectories 2D of coincident example rays through a target

with double diffraction (a) in reflection then transmission, (b) in transmission then reflection,
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and (c) in both reflection/transmission then in transmission/reflection;

Figures 45(a)-(c) depict Fourier space representations of double diffraction (a) by a
chequerboard then a grating, (b) by a grating then a chequerboard, and (c) by both a
chequerboard/grating then by a grating/chequerboard;

Figure 46 depicts trajectories through an unfolded path in 3D of example rays
coincident at an arbitrary angle with double diffraction in both reflection/transmission then in
transmission/reflection;

Figure 47 depicts trajectories through an unfolded path in 2D of example rays,
coincident at an arbitrary angle in the xz plane, with double diffraction in both
reflection/transmission then in transmission/reflection;

Figure 48 is a graph of the path lengths of different rays as a function of incidence
angle;

Figure 49 depicts a Fourier space representation of double diffraction, with illumination
at an arbitrary angle in the xz plane, by both a chequerboard/grating then by a
grating/chequerboard;

Figure 50 depicts trajectories through an unfolded path in 3D of example rays
coincident at an illumination angle in the xz plane configured to limit propagation of double
diffraction in both reflection/transmission then in transmission/reflection;

Figure 51 depicts trajectories through an unfolded path in 2D of example rays,
coincident at an illumination angle in the xz plane configured to limit propagation of double
diffraction in both reflection/transmission then in transmission/reflection;

Figure 52 depicts a Fourier space representation of double diffraction, with an
illumination angle in the xz plane configured to limit propagation by both a chequerboard/grating
then by a grating/chequerboard,;

Figure 53(a) depicts a Fourier space representation of double diffraction, with an
illumination angle in the xz plane configured to limit propagation by both a chequerboard/grating
then by a grating/chequerboard to an offset detection aperture;

Figure 53(b) depicts an illumination profile and offset detection aperture corresponding
to the Fourier space representation of Figure 53(a);

Figure 54(a) depicts a Fourier space representation of double diffraction, with an
illumination angle in the xz plane configured to limit propagation by both a chequerboard/grating
then by a grating/chequerboard to a quadrant detection aperture;

Figure 54(b) depicts an illumination profile and quadrant detection aperture
corresponding to the Fourier space representation of Figure 54(a);

Figure 55(a) depicts a Fourier space representation of double diffraction, with an
illumination angle in the xz plane configured to limit propagation by both a chequerboard/grating

then by a grating/chequerboard to a quad wedge; and
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Figure 55(b) depicts an illumination profile and quad wedge corresponding to the
Fourier space representation of Figure 55(a);

Figure 56(a) depicts a Fourier space representation of double diffraction, with a
quadrant illumination profile configured to limit propagation by both a chequerboard/grating
then by a grating/chequerboard to a quad wedge;

Figure 56(b) depicts a quadrant illumination profile and quad wedge corresponding to
the Fourier space representation of Figure 56(a);

Figure 57(a) depicts a Fourier space representation of the first diffraction of the incident
wave by the top grating, with a point symmetrized quadrant illumination profile;

Figure 57(b) depicts a point symmetrized quadrant illumination profile and quad wedge
corresponding to the Fourier space representation of Figure 57(a);

Figure 58(a) depicts a Fourier space representation of the first diffraction of the incident
wave by a stretched and 45-degree rotated checkerboard, with an offset illumination profile;

Figure 58(b) depicts a stretched and 45-degree rotated checkerboard that causes
diffraction depicted in the Fourier space representation of Figure 58(a);

Figure 59(a) depicts a Fourier space representation of double diffraction via a stretched
checkerboard, with an illumination profile configured to limit propagation by both the
chequerboard/grating then by the grating/chequerboard to a 45-degree rotated quad wedge;

Figure 59(b) depicts a stretched checkerboard, rotated with respect to the quad wedge,
that causes diffraction depicted in the Fourier space representation of Figure 59(a);

Figure 60(a), reproduced from Figure 59(a), depicts a Fourier space representation of
double diffraction via a stretched checkerboard, with an illumination profile configured to limit
propagation by both the chequerboard/grating then by the grating/chequerboard to a 45-degree
rotated quad wedge;

Figure 60(b) depicts trajectories through an unfolded path in 2D of the rays ending in
quadrant Q2 in the Fourier space representation of Figure 60(a);

Figure 61(a), like Figure 59(a), depicts a Fourier space representation of double
diffraction via a stretched checkerboard, but with a point symmetrized illumination profile
compared to Figure 59(a);

Figure 61(b) depicts trajectories through an unfolded path in 2D of the rays ending in
quadrant Q2 in the Fourier space representation of Figure 61(a);

Figure 62(a), depicts a Fourier space representation of double diffraction via a stretched
checkerboard, combining the illumination profiles of both Figures 60(a) and 61(a); and

Figure 62(b) depicts the combined trajectories of Figures 60(a) and 61(b) through an
unfolded path in 2D of the rays ending in quadrant Q2 in the Fourier space representations of

Figure 62(a).
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DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS

[0013] Before describing embodiments of the invention in detail, it is instructive to present an example

environment in which embodiments of the present invention may be implemented.

[0014] Figure 1 schematically depicts a lithographic apparatus LA. The apparatus includes an

illumination optical system (illuminator) 1. configured to condition a radiation beam B (e.g.,
UV radiation or DUV radiation), a patterning device support or 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 optical 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., including one or more dies) of the substrate

Ww.

[0015] The illumination optical 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.

[0016] The patterning device support holds 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 patterning device support can use mechanical, vacuum, electrostatic or other
clamping techniques to hold the patterning device. The patterning device support may be a
frame or a table, for example, which may be fixed or movable as required. The patterning device
support 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.”

[0017] The term “patterning device” used herein should be broadly interpreted as referring to any device

that can be used to impart a radiation beam with a pattern in its cross-section such 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.

[0018] The patterning device may be transmissive or reflective. Examples of patterning devices include

masks, programmable mirror arrays, and programmable LCD panels. Masks are well known in

lithography, and include mask types such as binary, alternating phase-shift, and attenuated
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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.

[0019] 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).

[0020] 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 mask 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.

[0021] Referring to Figure 1, the illuminator I 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 the radiation beam is passed from the source SO to the illuminator IL. with the aid
of a beam delivery system BD including, 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.

[0022] The illuminator II. may include an adjuster AD for adjusting 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 o-inner, respectively) of the intensity distribution in a pupil plane of the
illuminator can be adjusted. In addition, the illuminator II. may include 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.

[0023] The radiation beam B is incident on the patterning device (e.g., mask) MA, which is held on the

patterning device support (e.g., mask table MT), and is patterned by the patterning device.
Having traversed the patterning device (e.g., mask) MA, the radiation beam B passes through
the projection optical system PS, which focuses the beam onto a target portion C of the substrate
W, thereby projecting an image of the pattern on the target portion C. 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 WT can be moved accurately, e.g., so as to
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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 (e.g., mask) MA with respect to the path of the

radiation beam B, e.g., after mechanical retrieval from a mask library, or during a scan.

[0024] Patterning device (e.g., mask) MA and substrate W may be aligned using mask 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 (e.g., mask) MA, the mask alignment marks
may be located between the dies. Small alignment markers may also be included within dies, in
amongst the device features, in which case it is desirable that the markers be as small as possible
and not require any different imaging or process conditions than adjacent features. The

alignment system, which detects the alignment markers is described further below.

[0025] The depicted apparatus can be used in a variety of modes, including for example a step mode or

a scan mode. The construction and operation of lithographic apparatus is well known to those

skilled in the art and need not be described further for an understanding of the present invention.

[0026] As shown in Figure 2, the lithographic apparatus LA forms part of a lithographic system, referred

to as a lithographic cell LC or a lithocell or cluster. The lithographic cell L.LC may also include
apparatus to perform pre- and post-exposure processes on a substrate. Conventionally these
include spin coaters SC to deposit resist layers, developers DE to develop exposed resist, chill
plates CH and bake plates BK. A substrate handler, or robot, RO picks up substrates from
input/output ports I/O1, I/O2, moves them between the different process apparatus and delivers
then to the loading bay LB of the lithographic apparatus. These devices, 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 apparatus can be operated to

maximize throughput and processing efficiency.

[0027] A metrology apparatus is shown in Figure 3(a). A target T and diffracted rays of measurement

radiation used to illuminate the target are illustrated in more detail in Figure 3(b). The metrology
apparatus illustrated is of a type known as a dark field metrology apparatus. 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 LC. An optical axis, which has several
branches throughout the apparatus, is represented by a dotted line O. In this apparatus, light
emitted by source 11 (e.g., a xenon lamp) is directed onto substrate W via a beam splitter 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, and simultaneously allows for access of an
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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 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 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 illumination, but from an opposite direction, labeled ‘south’. Other modes of illumination
are possible by using different apertures. The rest of the pupil plane is desirably dark as any
unnecessary light outside the desired illumination mode will interfere with the desired

measurement signals.

[0028] As shown in Figure 3(b), target T is placed with substrate W normal to the optical axis O of

objective lens 16. The substrate W may be supported by a support (not shown). A ray of
measurement radiation 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).
It should be remembered that with an overfilled small target, these rays are just one of many
parallel rays covering the area of the substrate including metrology target T and other features.
Since the aperture in plate 13 has a finite width (necessary to admit a useful quantity of light, the
incident rays I will in fact occupy a range of angles, and the diffracted rays O 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 grating pitches of the targets and the illumination angles 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 Figure 3(a) and 3(b) are shown somewhat off axis purely to enable them

to be more easily distinguished in the diagram.

[0029] At least the O and +1 orders diffracted by the target T on substrate W are collected by objective

lens 16 and directed back through beam splitter 15. Returning to Figure 3(a), 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 of measurement radiation 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 13 the -1 diffracted

rays (labeled -1(8S)) are the ones which enter the lens 16.
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[0030] A second 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 of the
first order beam. The pupil plane image can also be used for many measurement purposes such

as reconstruction.

[0031] In the second measurement branch, optical system 20, 22 forms an image of the target T 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. Aperture stop 21 functions to block
the zeroth order diffracted beam so that the image of the target formed on sensor 23 is formed
only from the -1 or +1 first order beam. The images captured by sensors 19 and 23 are output to
processor PU which processes the image, the function of which will depend on the particular
type of measurements being performed. Note that the term ‘image’ is used here in a broad sense.
An image of the grating lines as such will not be formed, if only one of the -1 and +1 orders is

present.

[0032] The particular forms of aperture plate 13 and field stop 21a shown in Figure 3 are purely

examples. On-axis illumination of the targets may be used and an aperture stop with an oft-axis
aperture used to pass substantially only one first order of diffracted light to the sensor. In yet
other examples, 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. In a further example, a pair of
off-axis prisms 21b are used in combination with an on-axis illumination mode. These prisms
have the effect of diverting the +1 and -1 orders to different locations on sensor 23 so that they
can be detected and compared without the need for two sequential image capture steps. This
technique, is disclosed in the published patent application US2011102753A1, the contents of
which are hereby incorporated by reference. 2nd, 3rd and higher order beams (not shown i
Figure 3) can be used in measurements, instead of or in addition to the first order beams.
US9223227B2, the contents of which are hereby incorporated by reference, discloses a
quadrature wedge that redirects the light in the four quadrants of the pupil plane in four different
directions the “quad wedge” is used with an "image copy-and-rotate” device that makes a copy
of the illumination beam and rotates the copied version over 180° relative to the original beam,
providing a 180-degree point symmetry function that symmetrizes the illumination profile

around the optical axis.

[0033] In order to make the measurement radiation 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 can only be used
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to measure gratings oriented in one direction (X or Y depending on the set-up). For measurement
of an orthogonal grating, rotation of the target through 90° and 270° might be implemented.
Different aperture plates are shown in Figures 3(c) and (d). The use of these, and numerous other
variations and applications of the apparatus are described in prior published applications,

mentioned above.

[0034] Figure 4 depicts an overlay target or composite overlay target formed on a substrate according

to known practice. The overlay target in this example comprises four sub-overlay targets (e.g.,
gratings) 32 to 35 positioned closely together so that they will all be within a measurement spot
31 formed by the metrology radiation illumination beam of the metrology apparatus. The four
sub-overlay targets thus are all simultaneously illuminated and simultaneously imaged on
sensors 19 and 23. In an example dedicated to measurement of overlay, gratings 32 to 35 are
themselves composite gratings formed by overlying gratings that are patterned in different layers
of the semi-conductor device formed on substrate W. Gratings 32 to 35 may have differently
biased overlay offsets in order to facilitate measurement of overlay between the layers in which
the different parts of the composite gratings are formed. The meaning of overlay bias will be
explained below with reference to Figure 7. Gratings 32 to 35 may also differ in their orientation,
as shown, so as to diffract incoming radiation in X and Y directions. In one example, gratings
32 and 34 are X-direction gratings with offsets +d, -d, respectively. Gratings 33 and 35 are Y-
direction gratings with offsets +d and —d respectively. Separate images of these gratings can be
identified in the image captured by sensor 23. This is only one example of an overlay target. An

overlay target may comprise more or fewer than 4 gratings, or only a single grating.

[0035] Figure 5 shows an example of an image that may be formed on and detected by the sensor 23,

using the overlay target of Figure 4 in the apparatus of Figure 3, using the aperture plates 13NW
or 13SE from Figure 3(d). While the pupil plane image sensor 19 cannot resolve the different
individual gratings 32 to 35, the image 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 small overlay target gratings 32 to 35. If the overlay targets are located in product areas,
product features may also be visible in the periphery of this image field. Image processor and
controller PU processes these images using pattern recognition to identify the separate images
42 to 45 of gratings 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.

[0036] Once the separate images of the overlay targets 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
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with one another. These results can be combined to measure different parameters of the

lithographic process. Overlay performance is an important example of such a parameter.

[0037] Figure 6 illustrates how, using for example the method described in application WO

2011/012624, overlay error (i.e., undesired and unintentional overlay misalignment) between
the two layers containing the component overlay targets 32 to 35 is measured. Such a method
may be referred to as micro diffraction based overlay (WDBQO). This measurement is done
through overlay target asymmetry, as revealed by comparing their intensities in the +1 order
and -1 order dark field images (the intensities of other corresponding higher orders can be
compared, e.g. +2 and -2 orders) to obtain a measure of the intensity asymmetry. At step S1, the
substrate, for example a semiconductor wafer, is processed through a lithographic apparatus,
such as the lithographic cell of Figure 2, one or more times, to create an overlay target including
the gratings 32-35. At S2, using the metrology apparatus of Figure 3 for example, an image of
the overlay targets 32 to 35 is obtained using only one of the first order diffracted beams (say -
1). Atstep S3, whether by changing the illumination mode, or changing the imaging mode, or
by rotating substrate W by 180° in the field of view of the metrology apparatus, a second image
of the overlay targets using the other first order diffracted beam (+1) can be obtained.

Consequently the +1 diffracted radiation is captured in the second image.

[0038] Note that, by including only half of the first order diffracted radiation in each image, the ‘images’

referred to here are not conventional dark field microscopy images. The individual overlay target
lines of the overlay targets will not be resolved. Each overlay target will be represented simply
by an area of a certain intensity level. In step S4, a region of interest (ROI) is identified within

the image of each component overlay target, from which intensity levels will be measured.

[0039] Having identified the ROI for each individual overlay target and measured its intensity, the

asymmetry of the overlay target, and hence overlay error, can then be determined. This is done
(e.g., by the processor PU) in step S5 comparing the intensity values obtained for +1 and -1
orders for each overlay target 32-35 to identify their intensity asymmetry, e.g., any difference in
their intensity. The term “difference” is not intended to refer only to subtraction. Differences
may be calculated in ratio form. In step S6 the measured intensity asymmetries for a number of
overlay targets are used, together with knowledge of any known imposed overlay biases of those
overlay targets, to calculate one or more performance parameters of the lithographic process in
the vicinity of the overlay target T. In the applications described herein, measurements using
two or more different measurement recipes will be included. A performance parameter of great

interest is overlay.

[0040] Figure 7 illustrates a typical diffraction configuration of an overlay target comprising

overlapping periodic structures. The overlapping periodic structures comprise a first periodic
structure (or first grating) and a second periodic structure (or second grating). In the specific

example shown, there is a first (lower) grating 700 in a first layer and a second (upper) grating
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710 in a second layer, all formed on a substrate 705. Between the first grating 700 and second
grating 710 is layer material 740, which (in this schematic example) may include the material
that the second layer structures will be etched into. Measurement radiation 720 is incident on the
second grating 710, resulting in diffraction forming non-zero (e.g., first) diffraction orders 730.
In addition, some of the measurement radiation 720 (the zeroth order) passes through second
grating 710 and layer material 740 to be incident on the first grating 700, where again there is
diffraction forming non-zero (e.g., first) diffraction orders 750. The non-zero diffraction orders
730 from the second grating 710 and non-zero diffraction orders 750 from the first grating 700
eventually interfere (e.g., in the far field) to form an overlay signal which can be captured by a
sensor (e.g., sensor 19 or sensor 23 of the apparatus depicted in Figure 3(a)). Note that this
diagram is provided only to illustrate the relevant principle of generating an overlay signal and,
for simplicity, does not show all the diffraction modes (e.g., the transmissive diffraction modes
are not shown). As has already been described, there may be a deliberate offset (not shown)

between the first grating 700 and second grating 710.

[0041] A metrology target design platform, such as D4C, may be used in designing the metrology

(overlay) targets. D4C enables a user to be able to perform all required steps to design metrology
targets without intervention from the creator of the D4C program. Appropriate graphic user
interfaces (GUI) are made available to set up, execute, review and use the features of the D4C
program. Usually, no special interface with the fabrication tools is needed, because the
metrology target design is mostly confined in the simulation domain rather than in the actual

device manufacturing domain.

[0042] Conventional target design tools, such as multi-physics 3-D modeling software, usually “draw”

or “build” a geometric structure using area or volume elements which are purely graphical.
Those graphical elements are assigned multi-physics parametric characteristics. The
fundamental difference of the D4C method with the conventional method is that the lithography
process itself drives the rendering of the 3D structure of the metrology targets, so the designers

do not have to build the model element-by-element.

[0043] Figure 8(a) shows a flowchart that lists the main stages of the D4C method. In stage 1110, the

materials to be used in the lithography process are selected. The materials may be selected from
amaterials library interfaced with D4C through an appropriate GUIL In stage 1120, a lithography
process is defined by entering each of the process steps, and building a computer simulation
model for the entire process sequence. In stage 1130, a metrology target is defined, i.e.
dimensions and other characteristics of various features included in the target are entered into
the D4C program. For example, if a grating is included in a structure, then the number of grating
elements, width of individual grating elements, spacing between two grating elements etc. have
to be defined. In stage 1140, the 3D geometry is created. This step also takes into account if

there is any information relevant to a multi-layer target design, for example, the relative shifts
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between different layers. This feature enables multi-layer target design. In stage 1150, the final
geometry of the designed target is visualized. As will be explained in greater detail below, not
only the final design is visualized, but as the designer applies various steps of the lithography
process, he/she can visualize how the 3D geometry is being formed and changed because of
process-induced effects. For example, the 3D geometry after resist patterning is different from

the 3D geometry after resist removal and etching.

[0044] An important aspect of the present disclosure is that the target designer is enabled to visualize

the stages of the method to facilitate their perception and control during modeling and
simulation. Different visualization tools, referred to as “viewers,” are built into the D4C
software. For example, as shown in Figure 8(b), a designer can view material plots 1160 (and
may also get a run time estimation plot) depending on the defined lithography process and target.
Once the lithography model is created, the designer can view the model parameters through
model viewer tool 1175. Design layout viewer tool 1180 may be used to view the design layout
(e.g., visual rendering of the GDS file). Resist profile viewer tool 1185 may be used to view
pattern profiles in a resist. Geometry viewer tool 1190 may be used to view 3D structures on a
wafer. A pupil viewer tool 1195 may be used to view simulated response on a metrology tool.
Persons skilled in the art would understand that these viewing tools are available to enhance the
understanding of the designer during design and simulation. One or more of these tools may not
be present in some embodiments of D4C software, and additional viewing tools may be there in

some other embodiments.

[0045] D4C enables designers to design thousands or even millions of designs. Not all of these designs

will generate a required overlay signal. To determine one or a subset of such target designs which
generate overlay signals, the D4C method allows many designs to be evaluated and visualized.
Therefore it is possible to identify which targets generate the required overly signals (and which

of these provide the best overlay response, and/or are most robust to process variation etc.).

[0046] Figure 8(c) shows a flow chart that illustrates how the D4C process increases efficiency in the

overall simulation process by reducing the number of metrology targets selected for the actual
simulation of the lithography process. As mentioned before, D4C enables designers to design
thousands or even millions of designs. Not all of these designs may be robust against variations
in the process steps. To select a subset of target designs that can withstand process variation, a
lithographer may intentionally perturb one or more steps of the defined lithography process, as
shown in block 1152. The introduction of the perturbation alters the entire process sequence with
respect to how it was originally defined. Therefore, applying the perturbed process sequence
(block 1154) alters the 3D geometry of the designed target too. A lithographer only selects the
perturbations that show nonzero alternations in the original design targets and creates a subset
of selected process perturbations (block 1156). The lithography process is then simulated with

this subset of process perturbations (block 1158).Embodiments described below relate to a
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method of measurement of a lithographic characteristic using a metrology target and a metrology
apparatus.

[0047] Optical metrology uses light scattered from a target to provide information about a lithographic
process. The measurements are performed in optical instruments such as scatterometers. The
information that scatterometers are suitable to measure is, for example, overlay, which is a
relative distance between two overlapping gratings, in a plane parallel with the two overlapping
gratings.

[0048] In a diffraction based overlay measurement, the overlay is extracted from a difference in the
light intensity for the first positive and negative first diffracted order. Examples of known
scatterometers suitable to measure overlay from diffracted light include those scatterometers
described in US2006033921A1, US2010201963A1, US2006066855A1, US2014192338,
US2011069292A1, US20110027704A, US20110043791A, US2011102753A1,
US20120044470A, US20120123581A, US20130258310A, US20130271740A,
W02016083076A1 and 62/320,780. The contents of all these applications are specifically and
entirely incorporated herein by reference.

[0049] Further, it is desirable to be able to use a metrology method which provides an optimal and
robust result, which in turn leads to accurate overlay measurement.

[0050] One of the problems faced by metrology applications for measuring overlay is intensity
perturbations that disrupt the balance in intensities diffracted from the two overlapping gratings.
Further, in current measuring methods, there are few options to distinguish between intensity
variations resulting from overlay and intensity variations resulting from changes in thickness, or
wavelength of scattered light. Another source of perturbations arises due to the finiteness of the
target, which is manifested in strong signals, such as the edge effects. Furthermore, aberrations
of the imaging optics are also a source of intensity perturbations. In the currently known methods
of measuring overlay with scatterometry, the overlay sensitivity of the signal is sensitive to layer
thickness variations. This is also a challenge that is solved with the embodiment disclosed in this
patent application.

[0051] It is an object of embodiments disclosed herein to provide a method of accurate and robust
measurement of a lithographic characteristic such as overlay. Further, it is an object of
embodiments disclosed herein to provide a method of accurate and robust measurement of a
lithographic characteristic such as overlay, wherein the measured overlay is independent of the
thickness of the stack, thickness such as the distance between the two overlapping gratings.
Furthermore, it is an object of embodiments disclosed herein to provide a method of accurate
and robust measurement of a lithographic characteristic such as overlay, wherein the measured
overlay is independent of the wavelength of the light used to illuminate the metrology target.

[0052] To address the above mentioned drawbacks, a target 60 comprising two overlapping gratings is

proposed, such as the target 60 of Figures 9-12. The target 60 in this example comprises a top
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grating (an example of a second target structure 92 as referred to below) formed by lines with a
pitch P, and a chessboard (also referred to as checkerboard) grating (an example of a first target
structure 91 as referred to below) with a pitch P) in a direction parallel with the pitch of top
grating P, and pitch Py in a direction perpendicular to the pitches P> and P;. When illuminated
with light in the visible or infrared or near infrared or ultraviolet or EUV spectrum, the rays
follow the paths as depicted in Figures 9-12. Normal incidence light (when viewed as in Figures
11 and 12) will be diffracted by the bottom grating (first target structure 91) and the resulting
diffracted orders +1 and -1 will be diffracted or scattered by the top grating (second target
structure 92). The two rays (78A,78B) diffracted by the top grating, having an angle between
them of 2*0,, are interfering and forming a fringe pattern. The fringe pattern will be detected by
a light intensity sensor, such as a camera or photodiode (or plurality of photodiodes) and will
form an image having a periodic oscillating pattern. The fringe period, Py, is a function only of
the pitches P; and P,. The angles 0; and 0, and the period of the fringes P; are given in below

equations, wherein m is an integer.

6, = asin (?) equation 1

1
. i .
&, = asin (T;L— — sin 491) equation 2
2

Pt __ PP
f 7~ 2sin6, 2|P,-P, |

equation 3

[0053] One example of a preferred target is shown in Figures 13 and 14. Figure 13 depicts an example

top grating. Figure 14 depicts an example bottom grating. The fringe pattern from the target of
Figures 13 and 14 is shown in Figure 15. The overlay (the relative shift between the top and
bottom grating) is extracted from the shift in the periodic fringe pattern. With known signal
processing techniques, the phase ¢ of the periodic signal is extracted, the periodic signal having
a frequency equal to the fringe frequency, determined by P; and P», as shown in equation 3.
Steps in an example signal processing procedure are shown in Figures 16 and 17. Figure 16
shows plots of signal intensity (vertical axis) against position (horizontal axis) for fringe patterns
in a region of interest 80 arising from two adjacent pairs of overlapping gratings. A shift in the
periodic fringe pattern due to overlay error provides a corresponding phase shift ¢. The phase
shift ¢ can be determined from a spatial Fourier analysis of the fringe patterns as shown in Figure
17. Figure 17(a) depicts a frequency spectrum of the fringe pattern. Figure 17(b) depicts a phase
spectrum of the fringe pattern. The peak in the frequency spectrum is determined by the fringe
period P;. The phase corresponding to the peak (indicated by broken line arrow) provides

information about the shift in the fringe pattern, and therefore the overlay error.

[0054] A target 60 with a chessboard pattern as a top grating and a line/space pattern as a bottom grating

works on a similar principle.

[0055] Figures 18 and 19 show the dependence of a parameter, such as phase of the periodic signal

having a frequency given by the fringe pattern, as a function of wavelength used to illuminate
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the target 60 (in Figure 18) and as a function of the stack thickness (in Figure 19). The overlay,
which is directly proportional to the phase according to equation 4, is not dependent on

wavelength or stack thickness.

overlay — __P1P2
Ve = qnp1+ p2) ¢

equation 4

[0056] An alternative design according to an embodiment is shown in Figure 20, in which Figure 20(a)
depicts a top grating and Figure 20(b) depicts a bottom grating. A single target is provided with
two-dimensional gratings on both top and bottom layers. The top target consists of a 2D grating
with pitch P; (e.g., 500nm) in both X and Y directions. The bottom target is a checkerboard
with pitch P (e.g., 450nm) in both X and Y. In this case Py = P,. Fiducials consisting of
interference fringes would surround the target shown, or placed adjacent, using reversed P; and
P> on top and bottom. Fixed, periodically-segmented diffraction gratings can also be used for
the phase fiducials.

[0057] The illumination direction would determine which overlay sensitivity is displayed currently: for
X overlay measurement the target would be illuminated predominantly from the Y direction; for
Y overlay measurement the target would be illuminated predominantly from the X direction. A
different set of interference fringes would be produced depending on the illumination direction
and the XY overlay condition.

[0058] An advantage to this target design is that it reduces target footprint area by not having duplicated
X and Y targets. Another advantage is that the full grating area can be used for measurement in
a particular direction, i.e, the full area will be covered by interference fringes, enhancing design
flexibility, overlay sensitivity due to larger fringe displacement magnification, and noise
reduction by averaging over a larger set of fringes.

[0059] An advantage of the current invention is measurement of overlay signal independent of the
wavelength and stack layer thickness. This advantage is based on equal path lengths of the +1
and -1 diffracted orders. Further advantage of the invention is insensitivity to edge effects since
the phase shift is orthogonal to the target edge facing the illumination source.

[0060] Figures 21-27 depict yet another embodiment. Figure 21 shows a target 60 having gratings with
equal pitches P illuminated with light (measurement radiation 72). A specific example of such a
target 60 is depicted in Figures 24-26 and described in detail further below. The image of such
a target 60, when illuminated with light in a diffraction based scatterometer, may resemble the
squares labeled 141-144 in Figure 23 (which may be referred to as intensity sub-regions). The
squares 141-144 are obtained when illuminating targets having a relative shift (overlay bias)
between the top and bottom gratings with, for example, —P/8+d, P/8td, where P is the equal
pitch of the top and bottom grating and d is an arbitrary bias (predetermined constant). Such
targets 60 may for example comprise plural pairs 61-64 of overlapping target sub-structures 151-

158. Overlay can be extracted from a value proportional to the intensity in each of the images
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141-144 or a relation thereof. The intensity of the compound signal 78 in Figure 23 is given by

expressions such as in equations 5 (described in further detail below).

X
Iy, :‘A—IBI,I +A1B_1,1‘2 = 2A232{1+cos{47r PX ﬂ

equations 5

X
I =|AB_+AB, | = 2A2B2{1+ cos(4iz' m ﬂ

[0061] The intensity of the component signal 78 varies as a function of the overlay difference X;
between the top and bottom gratings as depicted in Figure 27. Each of the four intensities shown
I4.p corresponds to a different one of the four overlay biases mentioned above (—P/8+d, P/8+d)
with zero overlay error. An overlay error will additionally shift the curve to the right or left.
The shift can be calculated from the change in the intensities I.p.

[0062] In a Fourier analysis of the diffracted rays of light, such as for the example given in Figure 22
(described in further detail below), interfering light between the first positive and negative
diffracted orders will be independent of used wavelength and stack thickness, such as the
distance between the gratings. Using different illumination apertures is a method to control the
position of the various Fourier components of the diffracted pattern, and therefore increasing the
detectability of the signal based only on the diffracted positive and negative order, since such
orders are highly sensitive to overlay.

[0063] According to an embodiment, a method of measuring a target 60 is provided. The target is
formed by a lithographic process. Specific examples of such a method have been discussed
above with reference to Figures 9-27. The method, and variations on the method, will be
described in further detail below.

[0064] As depicted in Figure 12 for example, the target 60 comprises a layered structure. A first target
structure 91 (a periodic structure) is provided in a first layer 81. A second target structure 92 (a
periodic structure) is provided in a second layer 82. In between the first target structure 91 and
the second target structure 92 is a layer material 85. The layer material 85 may (or may not)
contain material that structures forming the second target structure 92 are etched into. The
layered structure is formed on a substrate 87.

[0065] The target 60 is illuminated with measurement radiation 72. The method comprises detecting
scattered radiation formed by interference between plural predetermined (different) diffraction
orders 74A,74B. A characteristic of the lithographic process used to form the target, such as
overlay error, is calculated using the detected scattered radiation.

[0066] The interfering predetermined diffraction orders 74A,74B are generated by diffraction of the
measurement radiation 72 from the first target structure 91. In an embodiment the interfering
predetermined diffraction orders 74A,74B comprise or consist of two equal and opposite

diffraction orders. In the particular example of Figure 12, the interfering predetermined
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diffraction orders comprise a -1 diffraction order (negative first order) and a +1 diffraction order
(positive first order) (i.e. equal and opposite first diffraction orders). In other embodiments,
other predetermined diffraction orders may contribute to the detected scattered radiation formed

by interference (e.g. zeroth order or higher orders).

[0067] The interfering predetermined diffraction orders 74A,74B initially diverge from the target

structure 91 at a relatively large angle 01. Subsequent diffraction by the second target structure
92 causes the interfering predetermined diffraction orders 74A,74B to be brought closer together
(as depicted by rays 78 A and 78B, which diverge at a much smaller angle 6,). Ray 78A is a -1
diffraction order generated from ray 74A and ray 78B is a +1 diffraction order generated from
ray 74B. The method uses rays 78A and 78B to form an interference pattern (or region of
uniform intensity caused by interference) and uses the interference pattern (or region of uniform
intensity caused by interference) to measure an overlay error. The detection of the interference
between the predetermined diffraction orders is enabled by the subsequent diffraction from the
second target structure 92. This subsequent diffraction brings the predetermined diffraction
orders close enough together for them to be received efficiently and simultaneously by an
objective lens 16 of a detection system and for the interference pattern (or region of uniform
intensity caused by interference) to be sensitive to overlay error. Where a metrology apparatus
of the type shown in Figure 3(a) is used, for example, the interference pattern may be measured

by the second measurement branch.

[0068] The path lengths of the interfering predetermined diffraction orders through the layered structure

are equal. Intensity variations in the detected scattered radiation caused by path length effects
(e.g. greater attenuation for longer path lengths) are thus avoided. The measurement will also
be independent of the thickness of the target 60 (e.g. the separation between the first target
structure 91 and the second target structure 92, which may also be referred to as the thickness of
the stack). The measurement will be effective for thin targets 60 and thick targets 60. As will
be described in detail below, the detected interference pattern (or region of uniform intensity
caused by interference) is also independent of the wavelength of the radiation. This reduces or
avoids errors caused by changes or differences in the spectrum of measurement radiation as it

propagates through the target 60.

[0069] The detected scattered radiation formed by interference between the predetermined diffraction

orders varies as a function of overlay error between the first target structure 91 and the second
target structure 92. There are multiple ways in which the first target structure 91 and second
target structure 92 may be configured to provide the variation in the detected scattered radiation
as a function of overlay error. Specific examples have been described above. Further specific

examples will be described below.

[0070] In an embodiment, the interfering predetermined diffraction orders 74A,74B are generated by

diffraction in reflection from the first target structure 91. The subsequent diffraction of the
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generated diffraction orders 74A, 74B from the second target structure 92 comprises diffraction
in transmission through the second target structure 92. Figure 12 shows an embodiment of this
type. In other embodiments, alternative geometries may be used. For example, in other
embodiments the predetermined diffraction orders 74A, 74B are generated by diffraction in
transmission through the first target structure 91. Additionally or alternatively, the subsequent

diffraction comprises diffraction in reflection from the second target structure 92.

[0071] In an embodiment, the interfering predetermined diffraction orders are generated by diffraction

in transmission through the first target structure and the subsequent diffraction of the
predetermined diffraction orders from the second target structure comprises diffraction in
reflection from the second target structure. Such an embodiment could be used to provide rays
78A and 78B similar to those shown in Figure 12, but the first target structure would in this case
need to be above the second target structure instead of below. Thus, in such an embodiment, the
target structure labelled 91 in Figure 12 would correspond to the second target structure and the
target structure labelled 92 would correspond to the first target structure. Measurement radiation
72 would diffract firstly from the target structure labelled 92 (rather than passing straight through
as in Figure 12) and then diffract a second time (in reflection) from the target structure labelled

91 (before passing straight through the target structure labelled 92 as rays 78 A and 78B).

[0072] Thus, the measurement radiation 72 doubly diffracts in either order from an upper target

structure and a lower target structure. The double diffraction brings together different diffraction
orders to produce characteristic interference (with characteristic intensity and/or with a fringe
pattern of characteristic frequency and phase) that is insensitive to wavelength and stack
thickness. In practice, the two sequences of diffractions occur simulataneously and reinforce.
Diffracted orders that originate from a single diffraction, or from three diffractions, are at
significantly different angles and do not contribute to the observed interference (e.g. intensity

and/or fringe pattern).

[0073] In an embodiment, the target 60 comprises three or more pairs 61-64 of overlapping target sub-

structures 151-158. An example of such a target 60 was mentioned briefly above with reference
to Figures 21-27. The structure of an example target 60 is depicted in Figures 24-26. Each pair
61-64 of overlapping target sub-structures 151-158 in such an embodiment comprises a first
target sub-structure 151-154. The first target sub-structure 151-154 is provided in the first target
structure 91 (i.e. in the first layer 81). Each pair 61-64 of overlapping target sub-structures 151-
158 in such an embodiment further comprises a second target sub-structure 155-158. The second
target sub-structure 155-158 is provided in the second target structure 92 (i.e. in the second layer
82). In the example of Figures 24-26, four pairs are provided. The first pair 61 comprises a first
target sub-structure 151 and a second target sub-structure 155. The second pair 62 comprises a

first target sub-structure 152 and a second target sub-structure 156. The third pair 63 comprises
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a first target sub-structure 153 and a second target sub-structure 157. The fourth pair 64

comprises a first target sub-structure 154 and a second target sub-structure 158.

[0074] Each of the first target sub-structure 151-154 and the second target sub-structure 155-158 in each

pair 61-64 of overlapping target sub-structures 151-158 comprises a first periodic component
(e.g. aline grating or a periodic component of a checkerboard pattern) having the same pitch and
orientation. In the embodiment of Figures 21-27, the first periodic component comprises a
grating having a pitch P along at least one direction (e.g. a line grating with pitch P or a
checkerboard pattern with pitch P). Each pair 61-64 of overlapping target sub-structures 151-
158 is provided with a different overlay bias. Providing the pairs 61-64 of overlapping target
sub-structures 151-158 with different overlay biases makes it possible for an overlay error to be

obtained with high reliability and/or high accuracy, as described below.

[0075] Figure 22 is a Fourier space representation of diffraction from the pair 61 of overlapping target

sub-structures 151, 155 shown in Figure 21. The skilled person would appreciate that the same
principle would apply to each of the other pairs 62-64 of overlapping target sub-structures 152-
154,156-158.

[0076] Graph 101 represents an expected diffraction pattern (Fourier transform) of the target sub-

structure 155. Graph 102 represents an expected diffraction pattern (Fourier transform) of the
target sub-structure 151. Graph 103 represents an expected diffraction pattern (Fourier
transform) resulting from diffraction from a combined structure formed from a combination of
the target sub-structure 155 and target sub-structure 151. The combined structure is formed by
superposing (or multiplying) the target sub-structure 155 with the target sub-structure 151. The
diffraction pattern of graph 103 can therefore be obtained by convolution of the diffraction

pattern of graph 101 with the diffraction pattern of graph 102, as shown in the Figure 22.

[0077] The diffraction pattern of graph 101 comprises a -1, zeroth, and a +1 diffraction order,

represented respectively by localized peaks having associated Fourier coefficients A.;, Ao and
Aj. All of the peaks are aligned along the horizontal axis because the target sub-structure 155 in
this example consists of a simple line grating (the first periodic component). The only spatial
periodicity is therefore represented by the pitch of the line grating, which is in turn represented

by the separation along the horizontal axis of the peaks A1 and A, (equal to 2*k, where k = 2x/P).

[0078] The diffraction pattern of graph 102 comprises more peaks because the target sub-structure 151

comprises both a first periodic component and a second periodic component. The first periodic
component is parallel to the line grating in the target sub-structure 155 and has the same pitch
P. The second periodic component is perpendicular to the first periodic component (e.g. a
checkerboard pattern). Peaks resulting from diffraction from the combination of the first
periodic component and the second periodic component comprise a zeroth order peak with
Fourier coefficient Bop and first order peaks with Fourier coefficients B.i 1, Bi,1, Bi-1 and B ..

The separation between peaks B.;; and Bi; and between peaks Bi.; and B.;.; is determined by
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the pitch P of the first periodic component. The separation between peaks B.;,; and B.;.; and
between B1, and Bi,.1 is determined by the pitch of the second periodic component, which in the

particular example shown is also P but could be any other value.

[0079] The convolution of the diffraction patterns of graphs 101 and 102 effectively superposes the

three peaks A.;, Ao and A, of graph 101 at each of the positions of the peaks Boo, B.11, B11, Bi1
and B.; .1 of graph 102. Due to the identical pitch P of the first periodic component in each of the
two target sub-structures 151 and 155, first order diffraction peaks in the diffraction pattern of
graph 103 are formed from overlapping peaks generated from different predetermined
diffraction orders. The localized nature of the overlapping peaks in Fourier space indicates that
scattered radiation formed by interference between the predetermined diffraction orders will be
output from the target 60 at nominally the same angle (or within a small range of angles). Each
of the first order peaks along the vertical axis in graph 103 is formed from overlap of a peak
corresponding to +1 diffraction from the target sub-structure 151 followed by -1 diffraction from
the target sub-structure 155 (A1B.1,; or A1B.1.1) with a peak corresponding to -1 diffraction from
the target sub-structure 151 followed by +1 diffraction from the target sub-structure 155 (A.1B1,1
or A.Bi.1). The predetermined diffraction orders that interfere with each other are thus defined
with respect to diffraction from the first periodic component in the pair 61 (thus, in the present
case the predetermined diffraction orders are the +1 and -1 diffraction orders with respect to the
first periodic component having the period P in each of the two target sub-structures 151 and
155). The intensities Io; and o1 of scattered radiation produced by the overlapping peaks in
graph 103 are given by the expressions provided above in equations 5. It is well known in
metrology how to selectively measure scattered radiation corresponding to selected regions in
Fourier space, for example by selecting a suitable illumination mode using an aperture plate 13
as described above with reference to Figure 3. The intensities o; and Io. can therefore be

measured.

[0080] Each of the intensities Io; and I, will vary as a function of the overlay offset between the first

periodic components in the overlapping target sub-structures 151-158 of each pair 61-64. An
example variation of intensity with overlay offset is depicted in Figure 27 and mentioned above.
The variation is expected to be at least approximately sinusoidal with an average intensity of Io.
In an embodiment, an overlay error is detected by measuring a change in the position of the

curve to the right or to the left by measuring intensities at different overlay biases.

[0081] In an embodiment, the different overlay biases comprise one or more paits of equal and opposite

overlay biases. Such overlay biases provide a symmetric sampling of the intensity variation as
a function of overlay offset, which is expected to be less sensitive tothe presence of higher
harmonics in the signal. . In an embodiment, the different overlay biases comprise the following
four biases: —P/8 —d, P/8+d, —P/8+d and P/8 —d, where P is the pitch of the first

periodic component and d is a predetermined constant. An example of this type has been
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discussed above with reference to Figures 21-27. As can be seen from Figure 27, the intensities
Ls.p resulting from these four overlay biases are nominally symmetrically distributed about the
origin. Additionally, by positioning the overlay biases within a limited range either side of the
steepest part of the nominal curve (at P/8), all of the intensities /4.p will be nominally positioned
at regions having a relatively high steepness. Any change in the position of the curve due to
overlay error will therefore result in a relatively rapid change in the measured intensities I4.p,

thereby favoring high sensitivity.

[0082] The four intensities /4.p are related to overlay error OV, in the case where the biases are given

by—-P/8—-d,P/8+d,—P/8+dand P/8 — d, by the following equations:
1,=1,+K(0V~-d)
I, =1,+K(OV+d)
I.=1,-K(0V-d)
1,=1,-K(OV+d)

[0083] These four equations contain only three unknowns and so can be solved to find OV:

— (IA_IC)+(IB_ID)
v _d|:(IA_IC)_(IB _ID):|

[0084] In embodiments of the type discussed above with reference to Figures 21-27, the detected

scattered radiation formed by interference between the predetermined diffraction orders
comprises a plurality of intensity sub-regions 141-144 (as shown in Figure 23). Each intensity
sub-region 141-144 is formed by measurement radiation diffracted from a different respective
pair of the three or more pairs 61-64 of target sub-structures 151-158. In the particular example
of Figure 23, four square intensity sub-regions 141-144 are provided by the square array target
60 depicted in Figures 24-26. Although each intensity sub-region 141-144 is formed by
interference, only a single value of intensity is obtained at any given time. The intensity sub-
regions 141-144 do not individually comprise an interference pattern having any interference
generated spatial structure (e.g. an interference fringe pattern). This lack of spatial structure is a
result of the high degree of overlap in Fourier space of the peaks that are interfering to produce
the detected intensity. Detecting a single absolute value of a spatially uniform intensity rather
than detecting a pattern having spatial structure is desirable because existing methods of
measuring overlay (as described above with reference to Figures 3-6) also rely on measurements
of a single absolute value of intensity and can therefore be adapted particularly efficiently to

perform the present method.

[0085] In an alternative embodiment, an interference pattern is formed which does have spatial structure

and the spatial structure is used to extract overlay. An example of such a method is described

below with reference to Figures 28-31.
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[0086] In such a method, a target 60 is provided that comprises at least one pair 61, 62 of overlapping
target sub-structures 151-154. An example of such a target 60 is depicted in Figures 30 and 31.
Each pair 61, 62 of overlapping target sub-structures 151-154 comprises a first target sub-
structure 151, 152 in the first target structure 91 (i.e. in the first layer 81) and a second target
sub-structure 153, 154 in the second target structure 92 (i.e. in the second layer 82). The first
target sub-structure 151, 152 and the second target sub-structure 153, 154 in each pair 61, 62 of
overlapping target sub-structures 151-154 comprises a first periodic component having the same
orientation and a different pitch Py, P>. As described below, the different pitches Py, P, provide
an interference pattern between different predetermined diffraction orders that has a spatial
structure. In an embodiment, the detected scattered radiation formed by interference between the
predetermined diffraction orders comprises a fringe pattern formed by each pair 61, 62 of target
sub-structures 151-154. In an embodiment, the fringe pattern is such that a variation in overlay
error between the first target structure 91 and the second target structure 92 causes a positional
shift of fringes in (i.e. a change in phase of) each fringe pattern. Overlay error can thus be
obtained by extracting the phase of the fringe pattern.

[0087] Figure 29 is a Fourier space representation of diffraction from the pair 61 of overlapping target
sub-structures 151, 153 shown in Figure 28. The skilled person would appreciate that the same
principle would apply to the other pair 62 of overlapping target sub-structures 152, 154.

[0088] The pair 61 of overlapping target sub-structures 151, 153 shown in Figure 28 is the same as the
pair 61 of overlapping target sub-structures 151, 155 shown in Figure 21 except that the pitch P,
of the lower target sub-structure 151 is different from the pitch P, of the upper target sub-
structure 153. Additionally, the target sub-structure 151 comprises a second periodic component
have a pitch Ps (which may be equal to P, or P> or any other value).

[0089] Graph 201 represents an expected diffraction pattern (Fourier transform) of the target sub-
structure 153. Graph 202 represents an expected diffraction pattern (Fourier transform) of the
target sub-structure 151. Graph 203 represents an expected diffraction pattern (Fourier
transform) resulting from diffraction from a combined structure formed from a combination of
the target sub-structure 153 and target sub-structure 151. The combined structure is formed by
superposing (or multiplying) the target sub-structure 153 with the target sub-structure 151. The
diffraction pattern of graph 203 can therefore be obtained by convolution of the diffraction
pattern of graph 201 with the diffraction pattern of graph 202, as shown in the Figure 29.

[0090] The diffraction pattern of graph 201 is the same as the diffraction pattern of graph 101 in Figure
22 except that the separation between the -1 and +1 peaks is given by 2*k,, where k> =2 n/P».

[0091] The diffraction pattern of graph 202 is the same as the diffraction pattern 102 in Figure 22 except
that the separation between the -1 and +1 peaks along the horizontal direction is given by 2%k,
where k1 =2 #/P1, and the separation between the -1 and +1 peaks along the vertical direction is

given by 2*ks, where ky =2 n/Ps.
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The convolution of the diffraction patterns of graphs 201 and 202 effectively superposes the
three peaks A.1, Ao and A; of graph 201 at each of the positions of the peaks Boo, B.1.1, B1.1, Bi.1
and B.; ., of graph 202. Due to the different pitches P, and P, of the first periodic component in
cach of the two target sub-structures 151 and 153, a diffraction pattern is formed which
comprises two distinct peaks in the region of the overlapping first order peaks (corresponding to
the predetermined diffraction orders) in graph 103 of Figure 22. The distinct peaks are separated
from each other, as indicated, by 2n/P, — 2n/P). The peaks from these predetermined diffraction
orders are located close to each other in Fourier space and can therefore be extracted efficiently
and used to form an intensity pattern in which the predetermined diffraction orders interfere with
each other. Each of the pairs of peaks from the predetermined diffraction orders in graph 203
comprises a peak corresponding to +1 diffraction from the target sub-structure 151 followed by
-1 diffraction from the target sub-structure 153 (A1B.1; or A;B.;.1) and a peak corresponding to
-1 diffraction from the target sub-structure 151 followed by +1 diffraction from the target sub-
structure 153 (A.1B1, or A.1B;.1). The predetermined diffraction orders that interfere with each
other are thus defined with respect to diffraction from the first periodic component in the pair 61
(in this case the +1 and -1 diffraction orders with respect to diffraction from the first periodic
component in the pair 61). The intensities Io; and Io.; of each of these pairs of peaks in graph
203 are given by a generalized form of the equations 5, which are labelled equations 6 and given

as follows:

2 X Y x equations 6
101:|A_1B11+AIB_11‘ :2A2B2 1+CO{47Z’ S+47[£———
. , i ) P 7

X
I =|A,B_+AB,_| =2A°B*|1+co {47: S 47:[% —%D
2 2 1

[0092] Equations 6 differ from equations 5 in that the intensities /o) and Io) further comprise a spatially

periodic term having a pitch (which may also be referred to as a Moiré period) proportional to

P1—P,

1,
% PPy

, and a phase proportional to the overlay offset X;. The spatially periodic term defines

the pitch and phase of a fringe pattern formed by the intensities Io; and Io.;. Overlay error will
cause a shift in the phase of the fringe pattern. Measurement of the phase can therefore be used
to measure overlay error. A sensitivity of the phase to overlay error can varied as desired by

appropriate selection of P; and P,.

[0093] Producing an interference pattern having spatial structure (e.g. a fringe pattern) enables filtering

in the spatial frequency domain (as depicted in Figure 17). Contributions to detected radiation
intensity that are not relevant to overlay can be removed. Examples of intensity contributors

that can be excluded include target edge peaks, asymmetric illumination and scattered light from
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adjacent devices or other structures. The phase of the interference pattern can therefore be

extracted with high accuracy and reliability.

[0094] The phase of the fringe pattern advantageously varies linearly with overlay error throughout the

+n to — © phase range. This linear variation facilitates calibration and provides uniform

sensitivity.

[0095] In an embodiment, an example of which is depicted in Figure 32, the target 60 further comprises

a reference structure R1 to act as a phase reference. The reference structure R1 provides a
radiation pattern having the same periodicity as the fringe pattern. The reference structure R1 is
provided in such a way that there is substantially no positional shift of fringes in the radiation
pattern from the reference structure R1 as a function of overlay error between the first target
structure 91 and the second target structure 92. For example, the reference structure R1 may be
formed entirely within a single layer of the target. Thus, a relative shift between the fringe
pattern and the radiation pattern from the reference structure R1 can be used to obtain overlay
error. In the particular example of Figure 32, the target 60 comprises four target structures 91-
94, but it will be appreciated that the principle can be applied to a target 60 contained only two

target structures (as in Figures 30 and 31 for example) or any other number of target structures.

[0096] An alternative or additional approach to providing a phase reference is to provide a target 60

which produces fringes that move in opposite directions relative to each other as a function of
overlay error. An example target 60 of this type is depicted in Figures 30 and 31. The target 60
comprises at least a first pair 61 of overlapping target sub-structures 151 and 153, and a second
pair 62 of overlapping target sub-structures 152 and 154. In the first pair 61 of overlapping target
sub-structures 151 and 153, the first periodic component of the first target sub-structure 151 has
a first pitch P, and the first periodic component of the second target substructure 153 has a
second pitch P>. In the second pair 62 of overlapping target sub-structures 152 and 154, the first
periodic component of the first target sub-structure 152 has the second pitch P, and the first
periodic component of the second target substructure 154 has the first pitch P,. It can be seen
from inspection of equations 6 that swapping P, and P in this manner results in the target 60
producing a fringe pattern from the first pair 61 of overlapping target sub-structures 151 and 153
that moves in an opposite direction to a fringe pattern from the second pair 62 of overlapping
target sub-structures 152 and 154, as a function of overlay error. Figures 13 and 14 depict
example patterns for a target 60 of this type. Figure 13 depicts patterns suitable for target sub-
structures 153 (right) and 154 (left). Figure 14 depicts patterns suitable for target sub-structures
151 (right) and 152 (left). Figure 15 depicts example fringe patterns. The right-hand fringe
pattern corresponds to the first pair 161 of overlapping target sub-structures 151 and 153. The
left-hand fringe pattern corresponds to the second pair 62 of overlapping target sub-structures

152 and 154.
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[0097] Figure 33 illustrates a correspondence between a method of measuring overlay error using pairs

of target sub-structures with common pitch and different overlay bias (as described above for
example with reference to Figures 21-27), and a method of measuring overlay error using a pair
of target sub-structures with different pitch (as described above for example with reference to
Figures 28-32). Figure 33(a) shows a portion of an example first target structure 91 having pitch
P1 and an example second target structure 92 having pitch P». The difference in pitch can be
exploited to produce a fringe pattern as described above. Overlay error can be extracted from a
change in the spatial phase of the fringe pattern. The alternative approach of using multiple pairs
of target sub-structures with the same pitch P but different overlay biases can be viewed as
effectively sampling the fringe pattern that would be produced using target structures with
different pitch. Figure 33(b) shows example segments 401-405 extracted from the arrangement
of Figure 33(a). Each segment 401-405 will have a different average shift between the portion
of the first target structure 91 and second target structure 92 in the segment. Each segment 401-
405 could then be approximated by a respective pair of target sub-structures 411-415 which have
the same pitch and an overlay bias equal to the average shift of the segment 401-405, as shown
in Figure 33(c). Thus, for example, pair 411 has an overlay bias equal to the average shift in
segment 401, pair 412 has an overlay bias equal to the average shift in segment 402, etc.. The
resulting multiple pairs of sub-structures 411-415 of Figure 33(c) thus provide an approximation
of the full arrangement of Figure 33(a). Measurement of the intensity values corresponding to
the multiple pairs of target sub-structures 411-415 of Figure 33(c) effectively samples the
variation of intensity of the fringe pattern formed directly by the arrangement of Figure 33(a). A
shift in the phase of the fringe pattern can thus be detected. Overlay error proportional to the

shift in phase can therefore also be detected.

[0098] In an embodiment, as depicted for example in Figure 32, the target 60 comprises one or more

further target structures 93, 94, respectively in one or more further layers 83, 84 of the layered
structure. The further target structures 93, 94 are thus provided in addition to the first target
structure 91 and second target structures 92 (respectively in layers 81 and 82) of the embodiment
discussed above. In such an embodiment, the target 60 comprises at least one pair of overlapping
target sub-structures in each of a plurality of different respective pairs of layers of the layered
structure. Each of the pairs of overlapping sub-structures that is in a different respective pair of
layers of the layered structure comprises first periodic components in which a difference in pitch
is different, thereby providing a fringe pattern having a different spatial frequency for each of
the different pairs of layers of the layered structure. In the example of Figure 32, the target
structures 91-94 respectively comprise first periodic components having pitches P1-P4. Different
pairs of the target structures have different differences in pitch: for example, P1— P, # P — P #
P, — P4 etc. Fringe patterns resulting from the different pairs thus have different spatial

frequencies and can therefore be resolved. The different frequencies allow the different fringe
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frequencies to encode different information, for example a separate overlay value for each
different fringe frequency. Overlay errors with respect to different pairs of layers in the target
can therefore be obtained simultaneously via a single illumination of one and the same region
on the target. Detailed overlay measurements are therefore possible without multiple different

targets and/or multiple different measurement steps.

[0099] In the embodiment shown a plurality of reference structures R1-R3 provide phase references for

each of the pairs of target structures being considered. Reference structure R1 acts as a phase
reference with respect to fringes formed by target structures 91 and 92 (e.g. by forming fringes
having the same pitch as the fringes formed by the target structures 91 and 92). Reference
structure R2 acts as a phase reference with respect to fringes formed by target structures 91 and
93 (e.g. by forming fringes having the same pitch as the fringes formed by the target structures
91 and 93). Reference structure R3 acts as phase reference with respect to fringes formed by
target structures 91 and 93 (e.g. by forming fringes having the same pitch as the fringes formed
by the target structures 91 and 93). Fewer or additional reference structures may be provided as

needed.

[0100] In any of the embodiments described above, each pair of target sub-structures may comprise at

least one target sub-structure with a second periodic component orientated in a different direction
to the first periodic component (i.e. either or both target sub-structures in each pair each
comprises such a second periodic component). For example, the second periodic component
may be oriented perpendicularly to the second periodic component. The second periodic
component acts to separate in the pupil plane (Fourier space), independently from the Fourier
components that control the interference fringe phase and frequency, the interfering
predetermined diffraction orders from zeroth order scattered radiation, thereby improving the
accuracy with which the scattered radiation formed by the interference between the
predetermined diffraction orders can be detected. Contamination from zeroth order radiation is
reduced. Additionally, the second periodic component changes the angle at which the scattered
radiation formed by the interference between the predetermined diffraction orders leaves the
target 60 (see Figure 9-11 for example). The second periodic component can thus be configured
to ensure that the angle is appropriate for the detection system of the metrology system (e.g. such
that the scattered radiation enters a pupil of the objective lens 16 of the detection system and/or
allowing the radiation to be directed to a particular location on a detector array of the detection
system). The second periodic component therefore makes it possible simultaneously to have (a)
symmetric doubly-diffracted orders within one plane and (b) separation of selected information-

carrying orders from the zeroth order in another, typically orthogonal, plane.

[0101] The target sub-structure with a second periodic component orientated in a different direction to

the first periodic component may take various forms, including one or more of the following: a

checkerboard pattern formed from square elements or rectangular elements, and a tilted
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checkerboard pattern formed from square elements or rectangular elements rotated by a
predetermined angle about an axis perpendicular to the plane of the checkerboard pattern.

[0102] Example checkerboard patterns formed from square elements are shown in Figures 14 and 20(b)
for example. An example checkerboard pattern formed from rectangular (non-square) elements
is shown in Figure 34. An example tilted checkerboard pattern is shown in Figure 35.
Checkerboard patterns have been found to work particularly effectively because of the relatively
low level of unwanted harmonics in the diffraction pattern. The tilted checkerboard pattern may
be favored over a regular checkerboard pattern where it is desired to avoid corner-to-corner
contacts between elements of the checkerboard. However, other patterns could be used. A
variant of the checkerboard pattern in which all of the square elements are aligned along both X
and Y could be used for example, as shown in Figure 20(a). In an alternative embodiment, a
pair of target sub-structures is provided in which a top grating has a pitch P; and a bottom grating
has a pitch P,. Gratings lines on the bottom grating are provided at an oblique angle theta relative
to the top grating. The bottom grating comprises multiple grating segments. A first set of grating
segments comprises grating lines rotated at +theta. A second set of grating segments comprises
grating lines rotated at -theta. Alternatively or additionally, the segments from the different sets
may be interspersed with respect to each other to form a periodic pattern of equal and oppositely
rotated grating segments. The rotated segments produce diffraction at the same angles as the
checkerboard but without corner-to-corner contact of the individual structural elements. In a
further alternative embodiment, a checkerboard pattern is formed with rounded edges or unequal
rectangle-space ratio.

[0103] An example of a typical two-dimensional grating is shown in Figure 20(a) for example.

[0104] Further examples of particular target structures are shown in Figures 36-39. In each of these
figures, the pattern shown in (a) corresponds to a second target structure 92 (top target) and the
pattern shown in (b) corresponds to a first target structure 91 (bottom target). The patterns could
however be reversed.

[0105] Figure 36(a) depicts a second target structure 92 having a footprint within 16 microns along Y
(vertical in the figure) and 32 microns along X (horizontal in the figure). These are purely
exemplary dimensions. Target sub-structures 301 and 303 are line gratings with pitch (P1) =
450nm. Target sub-structures 302 and 304 are line gratings with pitch (#2) = 500nm.

[0106] Figure 36(b) depicts a first target structure 91 configured to form pairs of target sub-structures
with the second target structure 92 of Figure 36(a). Target sub-structures 311 and 313 (which
pair respectively with target sub-structures 301 and 303) comprise checkerboard patterns having
a pitch (P2) = 500nm parallel to the pitches P of target sub-structures 301 and 303, and a pitch
(Pu) = 500nm in the perpendicular direction. Target substructures 312 and 314 (which pair
respectively with target sub-structures 302 and 304) comprise checkerboard patterns having a

pitch (P1) = 450nm parallel to the pitches of target sub-structures 302 and 304, and a pitch (Py)



5

10

15

20

25

30

35

WO 2019/141479 PCT/EP2018/085884

32

= 500nm in the perpendicular direction. Thus, P; = 450nm and P, = 500nm in this example.
Target sub-structures 301, 302, 311 and 312 provide sensitivity to overlay errors in the vertical
direction in the figure. Target sub-structures 303, 304, 313 and 314 provide sensitivity to overlay

errors in the horizontal direction in the figure.

[0107] Figure 37 depicts a second target structure 92 and a first target structure 91 that are the same as

in Figure 36 except that the 1 = 600nm, P> = 700nm and Py = 700nm. The values of P1, P> and
P in Figures 36 and 37 are purely exemplary.

[0108] Figure 38(a) depicts a second target structure 92 having a footprint (purely exemplary) within

16 microns along Y (vertical in the figure) and 32 microns along X (horizontal in the figure).
Target sub-structures 301A and 301B comprise gratings having a parallel periodic component
with a pitch (P1) = 450nm. Target sub-structures 303A and 303B also comprise gratings having
a parallel periodic component with a pitch (1) = 450nm (perpendicular to 301A and 301B).
Outer gratings 301A and 303A additionally comprise a periodicity of pitch (Px) = 500nm in a

perpendicular direction.

[0109] Target sub-structures 302A and 302B comprise gratings having a parallel periodic component

with a pitch (P,) = 500nm. Target sub-structures 304A and 304B also comprise gratings having
a parallel periodic component with a pitch () = 500nm (perpendicular to 302A and 302B).
Outer gratings 302A and 304A additionally comprise a periodicity of pitch (Px) = 500nm in a

perpendicular direction.

[0110] The two-dimensional structure of the outer gratings 301A, 302A, 303A and 304 A produce twice

the fringe period of the inner gratings 301B, 302B, 303B and 304B. Doubling the fringe period
can be desirable for reducing phase ambiguity, e.g. in the case that the overlay causes the inner
set of fringes (produced by the inner gratings) to have a © phase shift, the outer set of fringes
(produced by the outer gratings) would have a n/2 phase shift. The range of unambiguous

measurement is thereby increased.

[0111] Figure 38(b) depicts a first target structure 91 configured to form pairs of target sub-structures

with the second target structure 92 of Figure 38(a). Target substructures 311 and 313 comprise
checkerboard patterns having a pitch (#2) = 500nm parallel to the pitches (£)) of target sub-
structures 301A, 301B, 303A and 303B, and a pitch (Px) = 500nm in the perpendicular direction.
Target substructures 312 and 314 comprise checkerboard patterns having a pitch (£) = 450nm
parallel to the pitches (P,) of target sub-structures 302A, 302B, 304A and 304B, and a pitch (Py)

= 500nm in the perpendicular direction.

[0112] Figure 39(a) depicts a second target structure 92 having a (purely exemplary) footprint within

16 microns along Y (vertical in the figure) and 32 microns along X (horizontal in the figure).
Target sub-structures 321-324 comprise line gratings with the same pitch (#) = 500nm but
different overlay biases. The overlay biases are given by —P/8 —d, P/8+d, —P/8 + d and
P /8 — d, where d = 20nm, yielding overlay biases of -82.5nm, -42.5nm, 42.5nm and 82.5nm.
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Target sub-structures 321-324 provide sensitivity to overlay error in the Y direction (in
combination with the first target structure 91). Target sub-structures 325-328 are orientated
perpendicularly to the target sub-structures 321-324 but are otherwise the same as the target sub-
structures 321-324. Target sub-structures 325-328 thus provide sensitivity to overlay error in

the X direction (in combination with the first target structure 91).

[0113] Figure 39(b) depicts a first target structure 91 configured to form pairs of target sub-structures

with the second target structure 92 of Figure 39(a). Target substructure 330 comprises a
checkerboard pattern having a pitch (P) = 500nm parallel to the pitches (P) of target sub-
structures 321, 322, 323 and 324, and a pitch (Px) = 500nm in the perpendicular direction (i.e. a
checkerboard pattern comprising square elements). The checkerboard pattern also provides a
pitch (P) = 500nm parallel to the pitches (P) of target sub-structures 325, 326, 327 and 328, and
a pitch (Pu) = 500nm in the perpendicular direction.

[0114] In an embodiment, a metrology apparatus is provided that is operable to perform any of the

methods of measuring a target described herein. The metrology apparatus may be configured as
described above in Figure 3(a) for example. An illumination system asymmetrically illuminates
with measurement radiation a target 60 produced using a lithographic process on a substrate. A
detection system detects scattered radiation arising from illumination of the target 60. The
detection system may comprise at least the second measurement branch depicted in Figure 3(a).
The detection system may comprise a sensor 23 that detects the scattered radiation, that may be

formed by interference between the predetermined diffraction orders.

[0115] Conventional methods of extracting overlay are sensitive to path length differences between

the diffracted waves (an effect known as the swing curve), requiring extensive calibration and
recipe optimization for every new layer. The approach described herein offers an improvement
to path length sensitivity. The waves observed in the dark field have diffracted twice, in such a
way to minimize / eliminate the path length differences, and thus the swing curve. In other words,
the aim is to have the targets approximate a common-path interferometer. Measuring overlay
using the targets described herein, either from intensities of pads or from Moire fringes (“phase-
based”), is easier and more stable than conventional dark-field diffraction-based overlay (WDBO)
approaches. It is also robust against thickness variations over the wafer. It also allows for
broadband illumination (essentially inherent wavelength multiplexing), bringing the advantages
of multi-wavelength acquirements in a single shot, and be useful at thicker stacks than regular

conventional dark-field diffraction-based overlay (WDBO) approaches.

[0116] However, the approach described herein may still suffer from a path-length sensitivity when

used with an angular-resolved scatterometer which illuminates a target from a range of angles.
This path-length sensitivity arises from there being too many double-diffracted waves, which
have different path lengths. This problem is described below with reference to Figures 40 to 49.

A solution is described with reference to Figures 50 to 55.
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[0117] In Figures 40-49, the following elements are illustrated.

[0118] Top T and bottom B overlapping target sub-structures are shown in physical cross sections of
Figured 40 and 41. As illustrated for example in Figures 43 and 44, the sub-structures are separated
by an interlayer of thickness D. The top sub-structure T (or T, or T,) is a linear grating with pitch
p: in the x-direction £. The bottom sub-structure B is a checkerboard grating with pitch py, in the y-
direction ¥ and p: in the x-direction £. In this example, p2 < p1.

[0119] In Figures 42 to 44, 46, 47, 50 and 51, the interfaces at which diffraction happens are labelled
as T, B and T as rays are transmitted through the top sub-structure T at T}, then reflected from the
bottom substructure B and then transmitted through the top sub-structure T again at Ts.

[0120] Incoming and specularly reflected zeroth order rays are labelled as u, and in Figure 40 as
parallel rays u; and u,,

[0121] Singly diffracted rays, which are incoming with respect to the bottom sub-structure B, having
been diffracted in transmission at T are labelled vi and va. Singly diffracted rays, which are
outgoing with respect to the bottom sub-structure B, having been diffracted in reflection at B, are
labelled v3 and v4. Non-propagating rays are labelled vi' and vs'.

[0122] Doubly diffracted rays, which are outgoing with respect to the bottom sub-structure B, having
had their second diffraction in reflection at B are labelled w; and w». Doubly diffracted rays, which
are also outgoing with respect to the bottom sub-structure B, having had their second diffraction in
transmission at T, are labelled w3 and wa. In the 3D representations, outgoing rays are shown being
incident on a screen SCR.

[0123] In the target design disclosed above, in general a total of four coherent waves propagate to the
sensor, as shown in Figures 40 to 42. Incoming light u diffracts at the top grating Ti, then at the
bottom grating B (which is a checkerboard in this example), and finally at the top grating again T>.
Only the optical paths exiting the target at low NA (numerical aperture) are drawn, since these are
the ones the pass the 0.4 NA pupil stop NA of the example scatterometer. In this example, the
pupil stop defines a detection aperture like that shown as 21a in Figure 3(a). This NA filtering is
equivalently drawn in the pupil plane in Figures 45, 49, 52, 53(a), 54(a) and 55(a). In those figures,
NA represents the propagation limit for waves inside the stack with index of refraction higher than
1 (e.g. here 1.4). NA, represents the 0.95 numerical aperture of the sensor.

[0124] The four outgoing waves are labeled w. In Figures 40-55, since p; and p. are not equal, there
is a small residual angle between the rays, which causes fringe formation on the screen placed after
the target (or equivalently, a camera).

[0125] Figures 40(a)-(c) depict trajectories in 2D of example rays through a target with double
diffraction (a) in reflection then transmission (2 waves), (b) in transmission then reflection (2
waves), and (¢) in both reflection/transmission then in transmission/reflection (4 waves).

[0126] Figure 40(a) has the same features as Figure 21, but labelled differently to aid description of
the rays.
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[0127] Figures 41(a)-(c) depict trajectories 2D of coincident example rays through a target with double
diffraction (a) in reflection then transmission, (b) in transmission then reflection, and (c¢) in both
reflection/transmission then in transmission/reflection.

[0128] Figures 42(a)-(c) depict trajectories through an unfolded path in 2D of coincident example rays
with double diffraction (a) in reflection then transmission, (b) in transmission then reflection,
and (c) in both reflection/transmission then in transmission/reflection. Figure 42 is thus
illustrating the trajectory of the same rays in Figure 41, but without the reversal of direction
caused by reflection at the bottom sub-structure. The trajectory of the rays then continues down
the page. This has been done to more clearly illustrate the steps of double diffraction.

[0129] Figures 43(a)-(c) depict trajectories in 3D of coincident example rays through an unfolded path
with double diffraction (a) in reflection then transmission, (b) in transmission then reflection,
and (c) in both reflection/transmission then in transmission/reflection.

[0130] Figures 44(a)-(c) depict trajectories 2D of coincident example rays through a target with double
diffraction (a) in reflection then transmission, (b) in transmission then reflection, and (c¢) in both
reflection/transmission then in transmission/reflection.

[0131] Figures 45(a)-(c) depict Fourier space representations of double diffraction (a) by a
chequerboard then a grating, (b) by a grating then a chequerboard, and (c¢) by both a
chequerboard/grating then by a grating/chequerboard. The Fourier space representations in figures
45, 49, 52, 53(a), 54(a), and 55(a) illustrate the pupil plane of the scatterometer.

[0132] Each small circle in the Figures 45(a) to (c) represents an angle of a ray, shown in the
corresponding Figures 43 and 44(a) to (¢) respectively. For example, Figure 45(a) shows the
incident ray u, which is incident along the plane perpendicular to the direction of periodicity % of
the top grating sub-structure T. Thus, the ray u lies on the imaginary line II. in the illumination
pupil passing through the optical axis (the center of the concentric NA circles).

[0133] The checkerboard of the bottom grating sub-structure B has four diagonal diffraction directions
in Fourier space, as shown as 102 in Figure 22. Thus, diffraction by the bottom grating sub-structure
B is shown as a diagonal line. For example, in Figure 45(a), the incoming ray u is diffracted
diagonally (in k-space) into the directions labelled vs and v4. Diagonal arrows (not shown) pointing
away from the small circle labelled u, in the opposite direction to those arrows shown, result in
diffracted rays (not shown) that are outside the numerical aperture circles, so rays are not
propagated.

[0134] The linear grating of the top sub-structure T causes diffraction that is horizontal in the k-space
representation, as shown as 101 in Figure 22. Thus, in Figure 45(a), the rays v3 and v, are diffracted
at T> horizontally (in k-space) to the rays ws and wa respectively.

[0135] In Figure 45(a), the end result of the double diffraction at B then T; is that the outgoing rays w3
and wy are at angles captured within the 0.4 NA pupil stop NA.
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[0136] Figures 43-45(b) show the corresponding views for double diffraction by a grating then a
chequerboard. In Figure 45(b), the end result of the double diffraction at T> then B is that the
outgoing rays w, and w, are at angles captured within the 0.4 NA pupil stop NA.

[0137] Figures 43-45(c) show the rays and diffraction illustrated in 43-45(a) and 43-45(b), which
happen simultaneously, combined into one set of Figures. In Figure 45(c), the end result of the
double diffraction at T> then B as well as B then T: is that the outgoing rays w3 and wi4 are at
angles captured within the 0.4 NA pupil stop NA.

[0138] The checkerboard grating is useful because it filters out some diffraction orders while also
providing diffraction in a direction different from a linear grating. A linear grating with period p;
and segmentation p, (an ortho pitch grating) would diffract in all eight directions in k-space with
horizontal, vertical and diagonal arrows. But a checkerboard only retains four of these directions
due to additional interference. If an ortho pitch grating were to be used as the bottom grating sub-
structure, the incident ray u would then also diffract directly down in the Figure 45(a) (as well as
diagonally) which would give rise to a ray within the 0.4 NA pupil stop NAy,. This would greatly
reduce the contrast of the measurement. The checkerboard, with only the diagonal directions,
enables a design where only waves that diffracted twice ws and ws make it into the detection
aperture of the pupil stop NA,; in the center.

[0139] A 45-degree rotated grating diffracts like a normal grating, so with two diffraction orders, along
only one diagonal. If a O-degree rotated grating were used as the top sub-structure, and a 45 degree-
rotated grating as the bottom sub-structure, two optical paths could be formed that propagate though
the detection pupil-stop aperture, but the resulting interference pattern would not carry overlay
information. The advantage of a checkerboard is that the collected rays have diffracted from the
checkerboard along different diagonal axes, in order to put overlay information in the image.

[0140] If the index of refraction is larger than 1 the waves should be refracted when entering and
exiting the stack, so both at T} and T-. Since in this example the effective NA of the stack NAg is
larger than one (1.4), there should be refraction (shown as further bending of the rays at T) and T>)
to make the Figures consistent in this regard. However, refraction has not been drawn to avoid
confusion. Drawn without refraction like this, any change of direction indicates a diffraction, and
keeping track of diffractions is important in explaining the embodiments. Including refraction
would make the 2D figures overly complicated, and the 3D figures hard to follow. Also, physically,
refraction does not change the method, it is basically a radial rescaling of all angles, so the
illumination asymmetry has the same effects.

[0141] Figures 40 to 45 illustrate diffraction of incoming rays u that are in an imaginary plane
perpendicular to the direction of periodicity of the top sub-structure. The observed dark-field
intensity comes from the interference of these four waves, which thus consists of 4x4=16 terms. If
the four path lengths are perfectly equal, for the used wavelengths and incoming angles, we would

find no swing curve, in all sixteen intensity terms.
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[0142] However, it is important to consider a range of incoming angles since an angular resolved
scatterometer illumination source can illuminate with a continuum of waves at different angles.
Consequently, the paths of the four waves are not equal, resulting in residual swing-curve behavior
for some terms. This is illustrated in Figure 46 to 49.

[0143] Figure 46 depicts trajectories through an unfolded path in 3D of example rays coincident at an
arbitrary angle 01 in the xz plane with respect to the imaginary plane (here the zy plane)
perpendicular to the direction of periodicity of the top grating (here x). The imaginary plane is
depicted by line IP which lies on the plane. The trajectories have double diffraction in both
reflection/transmission then in transmission/reflection.

[0144] Figure 47 depicts trajectories through an unfolded path in 2D of example rays, coincident at an
arbitrary angle 0, in the xz plane, with double diffraction in both reflection/transmission then
in transmission/reflection. Figure 47 is a side view of the optical paths from Figure 46, in the
plane of double diffraction. In the plane of single diffraction, orthogonal to the one shown in
Figure 47, all four paths are equal since they all diffract only once, at the checkerboard bottom
grating B.

[0145] In Figure 47, the four paths are shown inside the stack, for illumination at an arbitrary angle
0x.1 1n this plane (the general case for angularly resolved scatterometer illumination). Clearly,
paths ending with w. and w- are nearly equal, nearly forming a parallelogram inside the stack,
and the same holds for paths ending with w; and ws. However, the combination of longer and
shorter path length rays leads to a sensitivity to stack thickness.

[0146] Figure 49 depicts a Fourier space representation of double diffraction, with illumination at an
arbitrary angle 0y, in the xz plane, by both a chequerboard/grating then by a
grating/chequerboard.

[0147] Figure 48 is a graph of the path lengths of different rays as a function of incidence angle 0 (in
degrees). Path-length differences ., between rays labelled w, and wy, may be defined (where
n,m = 1..4). The path length differences 13, 2 and 2, are illustrated in Figure 48, over a
range of incoming angles, expressed in units of stack thickness, for wavelength shorter than the
used pitches (< p) and longer than the used pitches (> p). Clearly, for many angles and
wavelengths, paths lengths are not equal. If the path length difference varies by more than the
wavelength, this will cause loss of contrast and artefacts in the dark-field image. Depending on
which wavelengths and angles are used, as well as the diffraction properties of the gratings and
stack thickness, this can mean that swing curve terms dominate intensity, reducing the benefits
afforded by double diffraction described herein. It is apparent from Figure 48 that 2 is close
to zero across the whole range of incidence angle 0. Therefore, if just the rays w» and wa were

allowed to propagate then the stack thickness and swing curve effects could be greatly reduced.
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[0148] The path length problem can be mitigated by illuminating the target asymmetrically (i.e. more
from one side than the other) in the double-diffraction plane, so that only two of the four waves
(e.g. only w> and w4 in Figure 47). In effect this frustrates propagation of rays w; and w3, which
are sources of unwanted path length variation as a function of incidence angle, to leave w, and
wa, which have more similar path lengths. By doing this, only the 2 curves in Figure 48 are
left, with by far the lowest path length difference. If the pitch in top and bottom grating is equal
(which means there are no fringes for phase-based diffraction-based overlay measurement, but
overlay is extracted from mean biased-pad intensities like in conventional intensity-based
diffraction-based overlay), the two optical paths are equal, and there is no swing curve due to
path length remaining (i.e. it is a true common-path interferometer).

[0149] An example of the design principle (for phase-based diffraction-based overlay measurement),
in a metrology apparatus with illumination from a single quadrant, is shown in Figures 50 to 55.

[0150] Figure 50 depicts trajectories through an unfolded path in 3D of example rays coincident at an
illumination angle 0.1 in the xz plane configured to limit propagation of double diffraction in
both reflection/transmission then in transmission/reflection.

[0151] Figure 51 depicts trajectories through an unfolded path in 2D of example rays, coincident at an
illumination angle 0. in the xz plane configured to limit propagation of double diffraction in
both reflection/transmission then in transmission/reflection.

[0152] Figure 52 depicts a Fourier space representation of double diffraction, with an illumination
angle in the xz plane configured to limit propagation by both a chequerboard/grating then by a
grating/chequerboard. Although there is sufficient tilt of the incidence angle 0y, to limit
propagation of the long-path rays (by frustrating -propagation of v," and v3"), it can be seen from
Figure 52 that there is still a problem with detection of the double-diffracted rays. The ray
labelled w- is outside of the pupil stop numerical aperture and detection aperture NA,,. This
means ray w2 will not reach the sensor. This problem may be overcome as illustrated by figures
53 to 55. Figure 53 shows asymmetric illumination from a point and correction for the tilt by
shifting the detection region by a distance H in the pupil plane. In Figure 54 another way of
shifting the detection region is shown using a quadrant detection aperture. In Figure 55 the
correction for tilt is made by deflecting the detection region using a "quad wedge" in the
detection branch.

[0153] Figure 53(a) depicts a Fourier space representation of double diffraction, with an illumination
angle in the xz plane configured to limit propagation by both a chequerboard/grating then by a
grating/chequerboard to an offset detection aperture NA. Figure 53(b) depicts an illumination
profile 532 and offset detection aperture 534 corresponding to the Fourier space representation

of Figure 53(a).
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[0154] Figure 54(a) depicts a Fourier space representation of double diffraction, with an illumination
angle in the xz plane configured to limit propagation by both a chequerboard/grating then by a
grating/chequerboard to a quadrant detection aperture. Figure 54(a) corresponds to Figure 52,
but instead of rays, u, v and w represent regions of the illumination profile and diffracted regions.
Figure 54(b) depicts an illumination profile 542 and quadrant detection aperture 544
corresponding to the Fourier space representation of Figure 54(a). Similarly, square regions are
shown in Figure 55(a).

[0155] Figure 55(a) depicts a Fourier space representation of double diffraction, with an illumination
angle in the xz plane configured to limit propagation by both a chequerboard/grating then by a
grating/chequerboard to a quad wedge. Figure 55(b) depicts a square, asymmetric illumination
profile 552 and quad wedge 554 (and 556 in side elevation) corresponding to the Fourier space
representation of Figure 55(a).

[0156] In Figure 55(a), the sensor pupil is shown, with the four quadrants due to a “quad wedge” (such
as 21b in Figure 3) labelled Q1-Q4. Like in Figures 45, 49, 52, 53(a) and 54(a), the dash-dotted line
indicates the effective propagation limit NAy for the waves propagating inside the stack (which are
shown in Figure 51 between the T, and T, interfaces). Since the NAs of the incoming waves are
shifted by H with respect to the pupil center, waves v, and v in the stack diffracting via Q3 and Q4
respectively can propagate, but waves v, and v diffracting in the opposite direction do not, since
they are outside the effective NA.

[0157] An embodiment comprises a method of measuring a target formed by a lithographic process,
the target comprising a layered structure having a first target structure (B) in a first layer and a
second target structure (T) in a second layer. The method begins with positioning the target in
an optical axis of an optical system having an illumination pupil and a detection pupil in
corresponding pupil planes of the optical system.

[0158] Figures 50 to 55 illustrate illuminating the target with measurement radiation u at an
illumination angle 0.1 in the xz plane using an illumination profile in the illumination pupil that
is offset from, and in this example asymmetric about, an imaginary line II. (k, =0 in Figure 52)
in the illumination pupil passing through the optical axis (the center of the circles in Figures 52
to 55). The imaginary line I corresponds to a direction of periodicity (% in Figure 50) of a target
structure. The illumination profile is configured to allow propagation to a detection region of the
detection pupil of an allowed order of a predetermined diffraction order v (or v4) while limiting
propagation to the detection region of an equal and opposite order vi' (or vi') of that
predetermined diffraction order. Scattered radiation of plural allowed diffraction orders w4 and
w, are detected. The allowed diffraction orders are generated by diffraction of the measurement
radiation from the first target sub-structure T and are subsequently diffracted from the second

target sub-structure B. The scattered radiation of plural allowed diffraction orders may be formed
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by interference between the plural allowed diffraction orders, in the way described with
reference to Figures 12 to 18.

[0159] The illumination profile is configured such that a first of the allowed diffraction orders wy is
generated by diffraction of a reflected order v. in reflection from the first target structure B while
propagation to the detection region of the reflected order’s equal and opposite order v'is limited.
The subsequent diffraction w4 of the first of the allowed diffraction orders from the second target
structure comprises diffraction in transmission (at T5) through the second target structure T. A
second of the allowed diffraction orders w- is generated by diffraction of a transmitted order v»
in transmission (at T;) through the second target structure T while propagation to the detection
region of the transmitted order’s equal and opposite order v,' is limited. The subsequent
diffraction w2 of the second of the allowed diffraction orders from the second target structure
comprises diffraction in reflection from the first target structure B. The limited propagation in
this example is the frustration of propagation. This is shown as the dashed lines vi' and v3' in
Figured 50 and 51. In Figure 52, the limitation of propagation is shown by the small circles
(representing rays) vi' and vs' being outside the effective stack NA, NA,:.

[0160] As described above, a characteristic of the lithographic process is calculated using the detected
scattered radiation of the allowed diffraction orders. The characteristic of the lithographic
process in this example comprises an overlay etror between the first target sub-structure and the
second target sub-structure.

[0161] The target may comprise three or more pairs (e.g. 61-64 as described with reference to Figures
24 to 26) of overlapping target sub-structures (e.g. 151-158 as described with reference to
Figures 24 to 26). Each pair of overlapping target sub-structures comprising a first target sub-
structure in the first target structure and a second target sub-structure in the second target
structure. Each of the first target sub-structure and the second target sub-structure in each pair
of overlapping target sub-structures comprises a first periodic component having the same pitch
and orientation. Each pair of overlapping target sub-structures is provided with a different
overlay bias.

[0162] The detected scattered radiation of the allowed diffraction orders comprises a plurality of
intensity sub-regions (as shown in Figures 54-55), each intensity sub-region having spatially
uniform intensity and being formed by measurement radiation diffracted from a different
respective pair of the three or more pairs of target sub-structures. The calculating of the
characteristic of the lithographic process may use a level of intensity in each intensity sub-region
to determine the characteristic of the lithographic process.

[0163] The predetermined diffraction orders are defined with respect to diffraction from the first
periodic component in each pair of target sub-structures.

[0164] The overlay biases may comprise one or more pairs of equal and opposite overlay biases. The

three or more pairs of target sub-structures may comprise four pairs of target sub-structures.
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[0165] As described with reference to Figure 27, the overlay biases may comprise the following:

—-P/8—-d, P/8+d, —P/8+d and P/8 —d, where P is the pitch of the first periodic

component and d is a predetermined constant.

[0166] As described above, the detected scattered radiation of plural allowed diffraction orders may

be formed by interference between the allowed diffraction orders and may comprise a fringe
pattern. In this case, the calculation of the characteristic of the lithographic process may comprise
calculating an overlay error between the first target structure and the second target structure by
extracting a phase of the fringe pattern. The target comprises at least one pair of overlapping
target sub-structures, each pair of overlapping target sub-structures comprising a first target sub-
structure in the first target structure and a second target sub-structure in the second target
structure. Each of the first target sub-structure and the second target sub-structure in each pair
of overlapping target sub-structures may comprise a first periodic component having the same
orientation and a different pitch. The detected scattered radiation formed by interference between
the allowed diffraction orders may comprise a fringe pattern formed by each pair of target sub-
structures. The target may further comprise a reference structure configured to provide a
radiation pattern having the same periodicity as the fringe pattern, wherein the reference
structure is provided in such a way that there is substantially no positional shift of fringes in the
radiation pattern as a function of overlay error between the first target structure and the second

target structure.

[0167] As described above, the target may comprise at least a first pair of overlapping target sub-

structures and a second pair of overlapping target sub-structures. In the first pair of overlapping
target sub-structures, the first periodic component of the first target sub-structure has a first pitch
and the first periodic component of the second target substructure has a second pitch. In the
second pair of overlapping target sub-structures, the first periodic component of the first target
sub-structure has the second pitch and the first periodic component of the second target sub-

structure has the first pitch.

[0168] As described above, the target may comprise one or more further target structures respectively

in one or more further layers of the layered structure The target may comprise at least one pair
of overlapping target sub-structures in each of a plurality of different respective pairs of layers
of the layered structure, wherein each of the pairs of overlapping sub-structures that is in a
different respective pair of layers of the layered structure comprises first periodic components
in which a difference in pitch is different, thereby providing a fringe pattern having a different

spatial frequency for each of the different pairs of layers of the layered structure.

[0169] As described above, either or both target sub-structures in each of the pairs of target sub-

structures may each comprise a second periodic component orientated in a different direction to
the first periodic component. The first periodic component may be orientated perpendicularly to

the second periodic component. The target sub-structure with a second periodic component that
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is orientated in a different direction to the first periodic component may comprises one or more
of the following: a checkerboard pattern formed from square elements (such as described with
reference to Figure 20(b)) or rectangular elements (such as described with reference to Figure
34), and a tilted checkerboard pattern formed from square elements or rectangular elements
rotated by a predetermined angle about an axis perpendicular to the plane of the checkerboard
pattern (such as described with reference to Figure 35).

[0170] As described above, the target structure may comprise a first periodic component and a second
periodic component orientated in a different direction to the first periodic component. The first
periodic component may be orientated perpendicularly to the second periodic component. The
target structure with a second periodic component that is orientated in a different direction to the
first periodic component may comprise one or more of the following: a checkerboard pattern
formed from square elements (such as described with reference to Figure 20(b)) or rectangular
elements (such as described with reference to Figure 34), and a tilted checkerboard pattern
formed from square elements or rectangular elements rotated by a predetermined angle about an
axis perpendicular to the plane of the checkerboard pattern (such as described with reference to
Figure 35).

[0171] An embodiment may comprise a metrology apparatus, such as described with reference to
Figure 3. The metrology apparatus comprises an illumination system configured to illuminate
with measurement radiation a target produced using a lithographic process on a substrate. The
metrology apparatus also comprises a detection system configured to detect scattered radiation
arising from illumination of the target. The metrology apparatus is operable to perform the
method described with reference to Figures 50 to 52 above.

[0172] By asymmetrically illuminating in this double-diffraction target design, embodiments of the
present invention add an improved level of pupil filtering, creating a common-path
interferometer-target. Embodiments greatly improve the potential for double-diffraction target
designs, adding a layer of filtering that can mean the difference between success and failure of
measurement, and opens the door for fundamentally better target designs.

[0173] The category of double-diffraction targets that this invention provides largely removes the need
for recipe optimization (to mitigate stack thickness effects), brings the advantages of multi-
wavelength in single-shot measurements, and extends diffraction-based overlay measurements
to thicker stacks.

[0174] The target design described with reference to Figures 1 to 39 is applicable to an angular
resolved scatterometer having a centrosymmetric pupil filter (a 0.4 NA low-pass filter), such as
NA, shown in Figure 45. Diffraction orders which had only been diffracted into another order
zero or one times are at high NA, and do not pass to the dark-field camera, allowing for the

dedicated detection of doubly-diffracted waves. Other scatterometers, such as one described in
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US9223227B2 mentioned above that has a “quad wedge”, however, do not share this symmetry

and may suffer from problems described below with reference to Figures 56 and 57.

[0175] Figure 56(a) depicts a Fourier space representation of double diffraction, with a quadrant

illumination profile configured to limit propagation by both a chequerboard/grating then by a
grating/chequerboard to a quad wedge. Figure 56(b) depicts a quadrant illumination profile 562
and quad wedge 564 (and 566 in cross-section) corresponding to the Fourier space representation

of Figure 56(a).

[0176] In Figure 56(a) the pupil is divided into four quadrants Q; to Qa4 which are the quadrants of the

wedge before the dark-field camera. The waves are labelled in the same way as for Figure 55(a).
In Qi, non-diffracted outgoing waves u are shown. Intermediate waves v4 and v, diffract to Q3
and Q4 respectively inside the stack. The waves then diffract a second time, ending up at w4 and
w» in the detection quadrant Q,. This is a core mechanisim of double-diffraction targets. The
orders are truncated at the pupil edge at NA=1, shown by the large circle, for each diffraction.
In this example, the stack index of refraction is also 1. The solid arrows indicate diffraction
directions, and dashed arrows show the two “effective” directions of diffraction, from starting
wave u to final waves ws and ws,. They are the directions of the vector-sums of the two
subsequent diffractions. The angle 6y between these effective directions finally governs the

Moiré fringes used for overlay detection in phase-based pDBO, as described herein.

[0177] Figure 56(a) illustrates a problem of phase-based detection using a quad wedge sensor; one of

the two effective diffraction directions (right hand dashed arrow) puts a final diffraction order
w4 on top of the vertical dividing line between left and right quadrants, which is where this
example optical system has an 0.1NA safe zone to prevent light from scattering uncontrollably
from the wedge prism (indicated by the star). If we were to make the pitch in the top and bottom
structures equal, Om becomes zero, and the final orders move horizontally towards each other,
avoiding the vertical safe zone. However, this means we can no longer detect overlay from the
phase of fringes, but instead need to revert to mean pad intensity measurements, like for

conventional pDBO.

[0178] In addition to the problem described with relation to Figure 56, another problem can arise for

scatterometers such as ones described in US9223227B2 mentioned above that have image copy-
and-rotate devices in the illumination system. As mentioned above, these devices provide a 180-
degree point symmetry function that symmetrizes the illumination profile around the optical
axis. Therefore, in the example scatterometer described here, with an image copy-and-rotate
device any illumination in Q1 is also present in Qs with 180-degree point symmetry. This is
illustrated in Figure 57(a), which depicts a Fourier space representation of just the first
diffraction of the incident wave by the top grating, with a point symmetrized quadrant
illumination profile. Figure 57(b) depicts a point symmetrized quadrant illumination profile 572

and quad wedge 574, 576 corresponding to the Fourier space representation of Figure 57(a).



10

15

20

25

30

35

WO 2019/141479 PCT/EP2018/085884

44

[0179] With reference to Figure 57(a), the non-diffracted light ur, and ug are respectively positioned in

quadrants Q; and Qs. The illumination region ur will diffract into the 1** order v, in quadrant Q»,
which is where the overlay-carrying light w, and ws shown in Figure 56(a) also goes. This once-
diffracted 1* order wave vi is typically much stronger in intensity than the twice-diffracted light
that it is desirable to detect. This creates a very strong background, ruining the contrast of the

measurement.

[0180] Thus, for double-diffraction (which includes phase-based) uDBO, the combination of a safe

zone and an image copy-and-rotate device makes some angular resolved scatterometers not
suitable for the phase-based target design described with reference to Figures 1 to 39 above. To
solve these problems, in an embodiment, the 1D grating-checkerboard is modified by stretching
it in one direction (x or y), and rotating it with respect to the sensor by 45 degrees (either by
printing a rotated target, or by rotating the wafer by 45 degrees, or by rotating components of
the illumination and detection systems). The reasoning behind this is illustrated in Figures 58 to

62.

[0181] Figure 58(a) depicts a Fourier space representation of the first diffraction of the incident wave

by a stretched and 45-degree rotated checkerboard, with an offset illumination profile. Figure
58(b) depicts a stretched and 45-degree rotated checkerboard that causes diffraction depicted in
the Fourier space representation of Figure 58(a). In Figure 58(a) the pupil is shown, using an
0.45 NA square aperture u. Two diffractions into the first order v, and vs are shown, due to the
modified checkerboard, which are maximally distinct (maximum angle Oma), but do not hit a
safe zone, and do not diffract into Q. or Q4, which are detection quadrants. The two problems
described above are used to define design rules: “no diffraction overlaps with safe zones”, and
“only diffractions that put non-diffracted light into another region already containing non-
diffracted light”. These two rules together naturally lead to the diffraction orders shown in Figure
58(a), which are at shallow angles with respect to the indicated x-axis, which runs at 45 degrees
from the pupil horizontal, requiring some minimum NA shift, labelled NApi. These diffraction

orders are realized by the stretched checkerboard.

[0182] Figure 59(a) depicts a Fourier space representation of double diffraction via a stretched

checkerboard, with an illumination profile configured to limit propagation by both the
chequerboard/grating then by the grating/chequerboard to a 45-degree rotated quad wedge.
Figure 59(b) depicts a stretched checkerboard, rotated by 45 degrees with respect to the quad
wedge and thus a line of symmetry in the detection region, that causes diffraction depicted by
diagonal arrows in the Fourier space representation of Figure 59(a).

With reference to Figure 59(a), diffraction orders for a complete target are shown, rather than
for just the checkerboard as shown in Figure 58(a). The checkerboard shown in Figure 59(b) is
combined with a 1D grating in the x-direction. The pupil has been rotated by 45 degrees with

respect to Figure 58(a) for clarity. The minimum NA shifts in x and y are shown as NApnx =
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1.41 and NAnimy = 0.78, derived from the dimensions of the scatterometer aperture, wedge, and
pupil edge. The intermediate orders va, va and ve, which propagate inside the stack before
diffracting again into the final orders are inside the “effective” numerical aperture NA which
scales with the stack index of refraction (here 1.5), and thus they propagate to the detector. The
final orders ws, wa, and ws are inside the 0.95 NA sensor pupil (solid circle), and thus they

propagate to the sensor.

[0184] Like in Figure 57(a), we can consider illumination from Qs, due to an image copy-and-rotate

device. Figures 60 to 62 illustrate the buildup of the total pupil illumination and diffraction and

ray trajectories with an image copy-and-rotate device.

[0185] Figure 60(a), reproduced from Figure 59(a) but simplified for clarity and comparison with

Figures 61(a) and 62(a), depicts a Fourier space representation of double diffraction via a
stretched checkerboard, with an illumination profile configured with a wave up to limit
propagation by both the chequerboard/grating then by the grating/chequerboard to a 45-degree
rotated quad wedge. Figure 60(b) depicts trajectories through an unfolded path in 2D of the rays
ending in quadrant Q2 in the Fourier space representation of Figure 60(a). Figure 60(b) is similar
to Figure 51, but the outgoing rays w» and wy are parallel with the incoming wave ur. Although
Figure 60(b) relates only to the waves arriving at quadrant Q», if v3'is replaced with vs' and v is
replaced with vs, it could relate to the waves arriving at Q.. Figures 61(b) and 62(b) could be

similarly modified to relate to Q..

[0186] The image copy-and-rotate device creates a mirror image of Figure 60(a) (flipped left-right),

shown in Figure 61(a). This illumination ur adds in intensity to the dark-field image created by
the diffraction orders in Figure 60(a), since the quadrants are made incoherent by the image
copy-and-rotate device. Figure 61(a), like Figure 60(a), depicts a Fourier space representation
of double diffraction via a stretched checkerboard, but with a point symmetrized illumination
profile compared to Figure 60(a). Figure 61(b) depicts trajectories through an unfolded path in

2D of the rays ending in quadrant Q2 in the Fourier space representation of Figure 61(a).

[0187] Figure 62(a) depicts a Fourier space representation of double diffraction via a stretched

checkerboard, combining the illumination profiles of both Figures 60(a) and 61(a), with
incoming waves uL and ur. Figure 62(b) depicts the combined trajectories of Figures 60(b) and
61(b) through an unfolded path in 2D of the rays ending in quadrant Q2 in the Fourier space

representations of Figure 62(a).

[0188] Thus, a second common-path interferometer is formed by the combination, and the signal from

the two adds up instead of cancelling, halving any camera integration time (so the image copy-
and-rotate device provides an advantage). In summary, due to a stretching and rotation operation
of the target design, the required pupil parameters are provided for a double-diffraction target
which is suitable for scatterometers with quad wedges and image copy-and-rotate devices.

However, there is no room for the overlapping final orders w (for example w» and ws) to move
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to the sides in the x-direction before they fall out of the 0.95 NA pupil (solid line circle) or cross
a safe zone. For phase-based detection, we would want to make the pitches in the top and bottom
grating unequal, thereby moving the now perfectly-overlapping squares w» and wa (and similarly
w> and we) away from each other. As a result, one square (e.g. w») would move left, and the
other (e.g. ws) would move right in Figure 60(a), like shown in Figure 55(a). However, there is
no room for the squares w> to move to the left, since that is where the safe zone of the wedge
lies (the black diagonal line where one does not want illumination to fall since it may scatter
unpredictably), and also where the edge of the pupil is (the limiting output NA).Thus, there is
no room for phase-based detection, but only for intensity-based detection (i.e. v = 0, as opposed
to Figure 56(a) where Oy > 0).

[0189] In Figure 62(a), there are thus eight squares labelled w; two pairs of perfectly overlapping ones
in 2, and two pairs of perfectly overlapping in Q4. The wedge separates the light from Q. and
Qu, so that it is imaged onto a different camera CCD region, so the waves in Q; do not interfere
with those in Qa. The interference between waves which gives intensity variations, only happens
between the perfectly overlapping squares (so one can roughly view what happens in Q- as
totally separate from Q). This overlapping of waves is a general property of uDBO; when the
I* order is detected on the pupil camera for a conventional uDBO measurement, that is actually
the sum of four waves, which are perfectly overlapping in the pupil. The interference between
those waves is what gives us overlay information. The advantage of the arrangement shown in
Figure 62(a) is that the path length differences are eliminated, by the non-propagation of the long
path length rays, as shown by the dashed lines in Figure 62(b).

[0190] To realize these pupil parameters in Figures 60 to 62, a checkerboard grating which has been
stretched in the y-direction is used. The ratio of y over x stretching is exactly the minimum NA
shift in X, NAmin,x, over the minimum NA shift in y, NAmi,y, so the ratio of directions is inversely
proportional to the ratio of minimum NA shifts. Such a checkerboard is depicted in Figures 58(b)
and 59(b), with the correct stretching in y of nearly a factor 2 (with 10 periods in both x and y).

[0191] This target has an important advantage, namely that there are only two waves propagating to
each detection quadrant instead of four, making it a fundamentally better common-path
interferometer, compared to the arrangement described with reference to Figure 49.

[0192] The embodiment described with reference to Figures 56 to 62 enables the use of double-
diffraction targets for scatterometers with image copy-and-rotate devices. No hardware change
is required; simple 45-degree rotations may be used, unless targets at 45-degree inclination are
printed. The embodiment is also applicable to scatterometers without image copy-and-rotate
devices and illumination from a single quadrant, to optimize bandwidth of the double-diffraction
design.

[0193] The embodiment described with reference to Figures 56 to 62 can be used in a similar way to

that described with reference to Figures 50 to 55. Thus Figures 56 to 62 illustrate illuminating
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the target with measurement radiation u at an illumination angle in the xz plane using an
illumination profile in the illumination pupil that is offset from an imaginary line IL (k, = 0 in
Figure 59(a)) in the illumination pupil passing through the optical axis (the center of the circles
in Figure 59(a)). The imaginary line IL. corresponds to a direction of periodicity (the x-axis in
Figure 59(b)) of a target structure. The illumination profile u is configured to allow propagation
to a detection region of the detection pupil of an allowed order of a predetermined diffraction
order v, (or v4 or ve) while limiting propagation to the detection region of an equal and opposite
order vi' (or v3' or vs') of that predetermined diffraction order. The illumination profile us is also
configured to position the allowed diffraction orders in the detection pupil in Q. and Qa4
separately from zero and once diffracted orders in in Q, and Qs. Scattered radiation of plural
allowed diffraction orders ws, we and w; are detected. The allowed diffraction orders are
generated by diffraction of the measurement radiation from the first target sub-structure T and

are subsequently diffracted from the second target sub-structure B.

[0194] The target structure comprises a stretched checkerboard with first periodic component and a

second periodic component orientated in a different direction (here perpendicular) to the first
periodic component. In this embodiment, the first periodic component is orientated at 45 degrees
with respect to a line of symmetry in the detection region (a diagonal line bisecting the pupil in

Figure 59(a)).

[0195] While the targets described above are metrology targets specifically designed and formed for

the purposes of measurement, in other embodiments, properties may be measured on targets
which are functional parts of devices formed on the substrate. Many devices have regular,
grating-like structures. The terms ‘target grating’ and ‘target’ as used herein do not require that
the structure has been provided specifically for the measurement being performed. Further, pitch
of the metrology targets is close to the resolution limit of the optical system of the scatterometer,
but may be much larger than the dimension of typical product features made by lithographic
process in the target portions C. In practice the lines and/or spaces of the overlay gratings within
the targets may be made to include smaller structures similar in dimension to the product

features.

[0196] In association with the physical grating structures of the targets as realized on substrates and

patterning devices, an embodiment may include a computer program containing one or more
sequences of machine-readable instructions describing methods of measuring targets on a
substrate and/or analyzing measurements to obtain information about a lithographic process.
This computer program may be executed for example within unit PU in the apparatus of Figure
3 and/or the control unit LACU of Figure 2. There may also be provided a data storage medium
(e.g., semiconductor memory, magnetic or optical disk) having such a computer program stored
therein. Where an existing metrology apparatus, for example of the type shown in Figure 3, is

already in production and/or in use, the invention can be implemented by the provision of
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updated computer program products for causing a processor to perform the modified step S6 and

so calculate overlay error or other parameters with reduced sensitivity to structural asymmetry.

[0197] The program may optionally be arranged to control the optical system, substrate support and

the like to perform the steps S2-S5 for measurement of asymmetry on a suitable plurality of

targets.

[0198] While the embodiments disclosed above are described in terms of diffraction based overlay

measurements (e.g., measurements made using the second measurement branch of the apparatus
shown in Figure 3(a)), in principle the same models can be used for pupil based overlay
measurements (e.g., measurements made using the first measurement branch of the apparatus
shown in Figure 3(a)). Consequently, it should be appreciated that the concepts described herein
are equally applicable to diffraction based overlay measurements and pupil based overlay

measurements.

[0199] Although specific reference may have been made above to the use of embodiments of the

invention in the context of optical lithography, it will be appreciated that the invention may be
used in other applications, for example imprint lithography, and where the context allows, is not
limited to optical lithography. In imprint lithography a topography in a patterning device defines
the pattern created on a substrate. The topography of the patterning device may be pressed into
a layer of resist supplied to the substrate whereupon the resist is cured by applying
electromagnetic radiation, heat, pressure or a combination thereof. The patterning device is

moved out of the resist leaving a pattern in it after the resist is cured.

[0200] Further embodiments according to the present invention are further described in below

numbered clauses:

1. A method of measuring a target formed by a lithographic process, the target comprising a
layered structure having a first target structure in a first layer and a second target structure in a
second layer, the method comprising:

positioning the target in an optical axis of an optical system having an illumination pupil and a
detection pupil in corresponding pupil planes of the optical system,

illuminating the target with measurement radiation using an illumination profile in the
illumination pupil that is offset from an imaginary line in the illumination pupil passing through the
optical axis, the imaginary line corresponding to a direction of periodicity of a target structure,
wherein the illumination profile is configured to allow propagation to a detection region of the
detection pupil of an allowed order of a predetermined diffraction order while limiting propagation
to the detection region of an equal and opposite order of that predetermined diffraction order;

detecting scattered radiation of plural allowed diffraction orders, wherein the allowed
diffraction orders are generated by diffraction of the measurement radiation from the first target

structure and are subsequently diffracted from the second target structure; and
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calculating a characteristic of the lithographic process using the detected scattered radiation of
the allowed diffraction orders.
2. The method of clause 1, wherein the illumination profile is configured to position the allowed
diffraction orders in the detection pupil separately from zero and once diffracted orders.
3. The method of clause 1 or clause 2, wherein the scattered radiation of plural allowed diffraction
orders is formed by interference between the plural allowed diffraction orders.
4. 'The method of any of clauses 1-3, wherein the illumination profile is configured such that:
a first of the allowed diffraction orders is generated by diffraction of a reflected order in reflection
from the first target structure while propagation to the detection region of the reflected order’s equal
and opposite order is limited and the subsequent diffraction of the first of the allowed diffraction
orders from the second target structure comprises diffraction in transmission through the second
target structure; and
a second of the allowed diffraction orders is generated by diffraction of a transmitted order in
transmission through the second target structure while propagation to the detection region of the
transmitted order’s equal and opposite order is limited and the subsequent diffraction of the second
of the allowed diffraction orders from the second target structure comprises diffraction in reflection
from the first target structure.
5. The method of any preceding clause, wherein:

the target comprises three or more pairs of overlapping target sub-structures, each pair of
overlapping target sub-structures comprising a first target sub-structure in the first target structure
and a second target sub-structure in the second target structure;

each of the first target sub-structure and the second target sub-structure in each pair of
overlapping target sub-structures comprises a first periodic component having the same pitch and
orientation; and
each pair of overlapping target sub-structures is provided with a different overlay bias.
6. The method of clause 5, wherein the detected scattered radiation of the allowed diffraction
orders comprises a plurality of intensity sub-regions, each intensity sub-region having spatially
uniform intensity and being formed by measurement radiation diffracted from a different respective
pair of the three or more pairs of target sub-structures, and wherein the calculating of the
characteristic of the lithographic process uses a level of intensity in each intensity sub-region to
determine the characteristic of the lithographic process.
7. The method of clause 5 or 6, wherein the predetermined diffraction orders are defined with
respect to diffraction from the first periodic component in each pair of target sub-structures.
8. The method of any of clauses 5-7, wherein the overlay biases comprise one or more pairs of
equal and opposite overlay biases.
9. The method of any of clauses 5-8, wherein the three or more pairs of target sub-structures

comprises four pairs of target sub-structures.
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10. The method of clause 9, wherein the overlay biases comprise the following: —P/8 —d,
P/8+d,—P/8+dand P/8 — d, where P is the pitch of the first periodic component and d is a
predetermined constant.
11. The method of any of clauses 1-4, wherein the detected scattered radiation of plural allowed
diffraction orders is formed by interference between the allowed diffraction orders and comprises
a fringe pattern.
12. The method of clause 11, wherein the calculation of the characteristic of the lithographic
process comprises calculating an overlay error between the first target structure and the second
target structure by extracting a phase of the fringe pattern.
13. The method of clause 11 or 12, wherein:

the target comprises at least one pair of overlapping target sub-structures, each pair of
overlapping target sub-structures comprising a first target sub-structure in the first target structure
and a second target sub-structure in the second target structure; and

each of the first target sub-structure and the second target sub-structure in each pair of
overlapping target sub-structures comprises a first periodic component having the same orientation
and a different pitch.
14. The method of clause 13, wherein the detected scattered radiation formed by interference
between the allowed diffraction orders comprises a fringe pattern formed by each pair of target sub-
structures.
15. The method of clause 14, wherein the target further comprises a reference structure configured
to provide a radiation pattern having the same periodicity as the fringe pattern, wherein the reference
structure is provided in such a way that there is substantially no positional shift of fringes in the
radiation pattern as a function of overlay error between the first target structure and the second
target structure.
16. The method of any of clauses 13-15, wherein:
the target comprises at least a first pair of overlapping target sub-structures and a second pair of
overlapping target sub-structures;
in the first pair of overlapping target sub-structures, the first periodic component of the first target
sub-structure has a first pitch and the first periodic component of the second target substructure has
a second pitch; and
in the second pair of overlapping target sub-structures, the first periodic component of the first
target sub-structure has the second pitch and the first periodic component of the second target sub-
structure has the first pitch.
17. The method of any of clauses 11-16, wherein:
the target comprises one or more further target structures respectively in one or more further layers

of the layered structure;
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the target comprises at least one pair of overlapping target sub-structures in each of a plurality of
different respective pairs of layers of the layered structure, wherein each of the pairs of overlapping
sub-structures that is in a different respective pair of layers of the layered structure comprises first
periodic components in which a difference in pitch is different, thereby providing a fringe pattern
having a different spatial frequency for each of the different pairs of layers of the layered structure.
18. The method of any of clauses 5-17, wherein either or both target sub-structures in each of the
pairs of target sub-structures each comprises a second periodic component orientated in a different
direction to the first periodic component.
19. The method of clause 18, wherein the first periodic component is orientated perpendicularly to
the second periodic component.
20. The method of clause 18 or 19, wherein the first periodic component is orientated at 45 degrees
with respect to a line of symmetry in the detection region.
21. The method of any of clauses 18-20, wherein the target sub-structure with a second periodic
component orientated in a different direction to the first periodic component comprises one or more
of the following: a checkerboard pattern formed from square elements or rectangular elements, and
a tilted checkerboard pattern formed from square elements or rectangular elements rotated by a
predetermined angle about an axis perpendicular to the plane of the checkerboard pattern.
22. The method of any of clauses 1-4, wherein a target structure comprises a first periodic
component and a second periodic component orientated in a different direction to the first periodic
component.
23.The method of clause 22, wherein the first periodic component is orientated perpendicularly to
the second periodic component.
24. The method of clause 22 or 23, wherein the first periodic component is orientated at 45 degrees
with respect to a line of symmetry in the detection region.
25. The method of any of clauses 22-24, wherein the target structure with a second periodic
component orientated in a different direction to the first periodic component comprises one or more
of the following: a checkerboard pattern formed from square elements or rectangular elements, and
a tilted checkerboard pattern formed from square elements or rectangular elements rotated by a
predetermined angle about an axis perpendicular to the plane of the checkerboard pattern.
26. The method of any preceding clause, wherein said characteristic of the lithographic process
comprises an overlay error between the first target structure and the second target structure.
27. A metrology apparatus comprising:

an illumination system configured to illuminate with measurement radiation a target produced
using a lithographic process on a substrate; and

a detection system configured to detect scattered radiation arising from illumination of the
target, wherein:

the metrology apparatus is operable to perform the method of any of clauses 1-26.



10

15

20

WO 2019/141479 PCT/EP2018/085884
52

[0201] 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.

[0202] 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.

[0203] The foregoing description of the specific embodiments will so fully reveal the general nature
of the invention that others can, by applying knowledge within the skill of the art, readily modify
and/or adapt for various applications such specific embodiments, without undue
experimentation, without departing from the general concept of the present invention.
Therefore, such adaptations and modifications are intended to be within the meaning and range
of equivalents of the disclosed embodiments, based on the teaching and guidance presented
herein. It is to be understood that the phraseology or terminology herein is for the purpose of
description by example, and not of limitation, such that the terminology or phraseology of the
present specification is to be interpreted by the skilled artisan in light of the teachings and
guidance.

[0204] The breadth and scope of the present invention should not be limited by any of the above-
described exemplary embodiments, but should be defined only in accordance with the following

claims and their equivalents.
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CLAIMS

1. A method of measuring a target formed by a lithographic process, the target comprising a
layered structure having a first target structure in a first layer and a second target structure in a second
layer, the method comprising:

positioning the target in an optical axis of an optical system having an illumination pupil and a
detection pupil in corresponding pupil planes of the optical system,

illuminating the target with measurement radiation using an illumination profile in the
illumination pupil that is offset from an imaginary line in the illumination pupil passing through the
optical axis, the imaginary line corresponding to a direction of periodicity of a target structure, wherein
the illumination profile is configured to allow propagation to a detection region of the detection pupil
of an allowed order of a predetermined diffraction order while limiting propagation to the detection
region of an equal and opposite order of that predetermined diffraction order;

detecting scattered radiation of plural allowed diffraction orders, wherein the allowed
diffraction orders are generated by diffraction of the measurement radiation from the first target
structure and are subsequently diffracted from the second target structure; and

calculating a characteristic of the lithographic process using the detected scattered radiation of

the allowed diffraction orders.

2. The method of claim 1, wherein the illumination profile is configured to position the allowed

diffraction orders in the detection pupil separately from zero and once diffracted orders.

3. The method of claim 1 or claim 2, wherein the scattered radiation of plural allowed diffraction

orders is formed by interference between the plural allowed diffraction orders.

4. The method of any of claims 1-3, wherein the illumination profile is configured such that:

a first of the allowed diffraction orders is generated by diffraction of a reflected order in
reflection from the first target structure while propagation to the detection region of the reflected order’s
equal and opposite order is limited and the subsequent diffraction of the first of the allowed diffraction
orders from the second target structure comprises diffraction in transmission through the second target
structure; and

a second of the allowed diffraction orders is generated by diffraction of a transmitted order in
transmission through the second target structure while propagation to the detection region of the
transmitted order’s equal and opposite order is limited and the subsequent diffraction of the second of
the allowed diffraction orders from the second target structure comprises diffraction in reflection from

the first target structure.
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5. The method of any preceding claim, wherein:

the target comprises three or more pairs of overlapping target sub-structures, each pair of
overlapping target sub-structures comprising a first target sub-structure in the first target structure and
a second target sub-structure in the second target structure;

each of the first target sub-structure and the second target sub-structure in each pair of
overlapping target sub-structures comprises a first periodic component having the same pitch and
orientation; and

each pair of overlapping target sub-structures is provided with a different overlay bias.

6. The method of claim 5, wherein the detected scattered radiation of the allowed diffraction
orders comprises a plurality of intensity sub-regions, each intensity sub-region having spatially uniform
intensity and being formed by measurement radiation diffracted from a different respective pair of the
three or more pairs of target sub-structures, and wherein the calculating of the characteristic of the
lithographic process uses a level of intensity in each intensity sub-region to determine the characteristic

of the lithographic process.

7. The method of claim 5 or 6, wherein the predetermined diffraction orders are defined with

respect to diffraction from the first periodic component in each pair of target sub-structures.

8. The method of any of claims 5-7, wherein the overlay biases comprise one or more pairs of

equal and opposite overlay biases.

9. The method of any of claims 5-8, wherein the three or more pairs of target sub-structures

comprises four pairs of target sub-structures.

10. The method of claim 9, wherein the overlay biases comprise the following: —P/8 —d,
P/8+4+d, —P/8+d and P/8 — d, where P is the pitch of the first periodic component and d is a

predetermined constant.

11. The method of any of claims 1-4, wherein the detected scattered radiation of plural allowed
diffraction orders is formed by interference between the allowed diffraction orders and comprises a

fringe pattern.

12. The method of claim 11, wherein the calculation of the characteristic of the lithographic process
comprises calculating an overlay error between the first target structure and the second target structure

by extracting a phase of the fringe pattern.
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13. The method of claim 11 or 12, wherein:

the target comprises at least one pair of overlapping target sub-structures, each pair of
overlapping target sub-structures comprising a first target sub-structure in the first target structure and
a second target sub-structure in the second target structure; and

each of the first target sub-structure and the second target sub-structure in each pair of
overlapping target sub-structures comprises a first periodic component having the same orientation and

a different pitch.

14. The method of any of claims 1-4, wherein a target structure comprises a first periodic
component and a second periodic component orientated in a different direction to the first periodic

component.

15. A metrology apparatus comprising:

an illumination system configured to illuminate with measurement radiation a target produced
using a lithographic process on a substrate; and

a detection system configured to detect scattered radiation arising from illumination of the
target, wherein:

the metrology apparatus is operable to perform the method of any of claims 1-14.



WO 2019/141479 1/31 PCT/EP2018/085884

Fig.1
| ~SO
My MA - M1 Yy oo
é r_}} - e
. | -AD
J! LA
> o/
W = f— =
Py /’5\\ 2 Z
\AeTerereh\/ 100  PS X
Relelelef — | x
\ cl |/ \ RF
v o (




WO 2019/141479 PCT/EP2018/085884
2/31

/o1

Um@@&@@
Coe s




WO 2019/141479 PCT/EP2018/085884
3/31

21b




WO 2019/141479 PCT/EP2018/085884
4/31

Fig. 6

[«

I(J)
NS

L =

ICD
o

o

ICI)
B

i3

L




WO 2019/141479 PCT/EP2018/085884
5/31

Fig.7

720

!
4
N
o




WO 2019/141479 PCT/EP2018/085884
6/31

Fig. 8(b)

1195

Fig. 8(a)

—»

1150
1190

Fig. 8(c)

——
—

1140
1185
1158

—b
b
1156 |—¥

1130
1180

>
——p

1120
1175
1154

—>
b
—

1110
1160
11562




WO 2019/141479 PCT/EP2018/085884
7131

Fig. 11




WO 2019/141479 PCT/EP2018/085884
8/31

78B (+1)

- mm mm <« 3

74A 74B
1) 1)

“+— 81




PCT/EP2018/085884
9/31

WO 2019/141479

Fig.14

Fig.15




WO 2019/141479 PCT/EP2018/085884
10/31

Intensity
—_— —_— N [\ %)
©C U o o o o

0l 400 600 800
Y (pixels)

h
9o
N
(=
-2

)
<

N
(8]
i

Intensity
2

[#7]
A

o

1] T T 1
0 200! 400 600 800
n Y (pixels)



WO 2019/141479 PCT/EP2018/085884
11/31

0.1

Fig. 17(a)

0 DUSOO 11 TSSOSO
20 40

200.0

Fig. 17(0) o0 1‘TT?T»H*THTTTT‘”THJlTllltth 1]

-200.0 Y
0 20 40
Fig.18
Phase (rad)
0.75 - Overlay
0.25
& L4 % % $ Jnm
& ‘g . % ¥ -
-0.25 - 2nm
-0.75

425 450 475 500 525 550
Wavelength [nmj)

P1 = 450nm. P2 = 500nm.
Ph = 800nm.
Target Bum x 8um,



WO 2019/141479

Phase (rad)
3

12/31

L g

2

L

¢

50 75

. g
175

¢

L g g g

SoC layer thickness (nm)

P1=450nm. P2 = 500nm.
Ph = 600nm.
Target 8um x 8um,

Fig. 20(a)

Fig. 20(b)

.... l...- B 8 -"-. B .I...
o R e atute e e e
| ] .# B ll.-l

$

PCT/EP2018/085884

50nm

20nm
Onm

-20nm

-50nm



WO 2019/141479 PCT/EP2018/085884
13/31

101 102
A A
O Bag OBH
PR
N A 1 AU ,\‘11 BD 0
L W Lvr (:) Ly 1
' I
—> ' I
i =?ir O B-1X—1 271. E!) 31'-1
F k =
103
A
r \
ABg, A B,
4., N/ 4B,
O )] O
_— 7 P Fay
o XBCC \"AGBOO A g
181 A By
®




WO 2019/141479 PCT/EP2018/085884
14/31

|

A
141 142
143 144
Fig.24 Fig.25
60
60 ™
Y 155 157
I?‘ 1 1 "?I
155,151 >I< 156,152 m{, : - ..}@
61\\] ; /‘/Q 141 153
i
]
]
: L]
_3‘ i KG4 60 F|926
]
| e i Y 157 158
]
L \ [ ] [ —]
( : Gs{l L I 1 | I}&
157,153 X 158,154 )



WO 2019/141479 PCT/EP2018/085884
15/31

Fig.27




WO 2019/141479 16/31 PCT/EP2018/085884
Fig.28
—~72
y
sl 4153
114151
Fig.29
201 202
A A
‘ N . N
O 3_1,1 e OBH
2
L
3
A A @ Aloo
L A \rg \vr |
| |
i |
,,E-I O B 651,-1
k=" _=
B k==
203 !
A
4 N
AB. AR,
4B 'E 4B
Q.
b
B Ji-"Lf
—_— o o
— Z{BJV \{’iaBoo B
4B 4B




WO 2019/141479 17/31

60
4
X--F------- -—fF------- - X
) \\
153,151 154,152
Fig.31
60
.
1?3 P, P, 1‘)-')4
— ] |
ﬂ{l - ] : |}Q
151 P1 P2 152
o  Fig.32
N
P. Py P4 Ps R1 R2 3
R
| R ST AT 2| <32
85— T 17 ==
S s el
85_‘ VS5 5 | 4384
85— :'r f.-\‘.-l +83
87 ] -
/]
91 /93
92 94

PCT/EP2018/085884



PCT/EP2018/085884
18/31

WO 2019/141479

1

402
‘

401
4




111111111111

19/31

Fig.34

Fig.35

88888888888888888



WO 2019/141479

20/3 1 PCT/EP2018/085884
92
Na
301 302
' |
«—303
Fig. 36(a)
«+— 304
91
g s12
v I
S - N
: o
Fig. 36 (b) ,, .
5 2 | «— 314
oy e




WO 2019/141479

21 /31 PCT/EP2018/085884
92 301 302
“+—303
Fig. 37(a)
«—304
o1 311 312

]

Fig. 37(b)

"
e
4




WO 2019/141479 PCT/EP2018/085884
22/31

Fig.380) 200

<+—314




WO 2019/141479

23/31

1)
N
N

PCT/EP2018/085884

Fig. 39(a)

0D
N
o8

loo
N
1N

(o
~J

|(.»)
N>
(o]

Fig. 39(b)

SR .....:..
e

s
s

e
e

S

e

e

t':'l':::' l.l....-

\en]




WO 2019/141479

Fig. 40(a)

Wy
A 4

Uy

Wy
N

(LT (LLED LELL]

pannsnnnn B

Fig. 41(a)

gy T

3
RERRERERAERR.

24/31

Fig. 40(b)

Wy W,
N/ A 4
N P
Uy )

RlERRRQRRERE RREORMERRED T

T TR T T T

Fig. 41(b)

2 2 1 1
CEERRiERRRERERRRRRRANRIRL. B

Fig. 42(b)

PCT/EP2018/085884

Fig. 40(c)

W4 Woq
4 L'

Uy




WO 2019/141479 PCT/EP2018/085884
25/31

Fig. 43(a) Fig. 43(b) Fig. 43(c)

W, W, Wy Wy

NAs = 1.4 = ng
NAs = 0.95



WO 2019/141479 PCT/EP2018/085884
26/31

NAst= 1.4 = ny
NAs = 0.4 NAq = 0.95



WO 2019/141479 PCT/EP2018/085884
27/31




WO 2019/141479 PCT/EP2018/085884
28/31

Fig. 53(b)

534

944




WO 2019/141479 PCT/EP2018/085884
29/31

Fig. 56(a) p Fig. 56(b)

Fig. 57(a) Fig. 57(b)
Q1

Ur

RG>

Qo



WO 2019/141479

30/31

E4RAR RN
S TN ELnng

PCT/EP2018/085884

Fig. 58(b)

Fig. 59(b)

}Ill.lll.lllllllllIl

7

REREERERnl
EERRRERNND

° |'|'|'|'|'|'|'|'|'|

s R RN
AN RN NN
EREEREENN]E

I BEENRNERE
SENERLENEN)
I BEEEEEERE
L Illllllllllllill 'I.
JERRARENEN
g iERENERLLE

JAIEREEEEN]
1iRNNERARY
0 2 4




WO 2019/141479 PCT/EP2018/085884
31/31

Fig. 61(b)
z Q2
Ly




INTERNATIONAL SEARCH REPORT

International application No

PCT/EP2018/085884

A. CLASSIFICATION OF SUBJECT MATTER

INV. GO3F7/20
ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

GO3F

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

EPO-Internal, WPI Data

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X US 2012/206703 Al (BHATTACHARYYA KAUSTUVE 1,2,7,
[NL] ET AL) 16 August 2012 (2012-08-16) 10,15

Y paragraph [0061] - paragraph [0096] 3-6,8,9,
figures 5,7-9 11-14

Y US 4 200 395 A (AUSTIN STEWART S [US] ET 3,4,6,
AL) 29 April 1980 (1980-04-29) 11,12

A column 4, line 25 - column 6, line 35 1,15
figures 1-3

Y US 2017/293233 Al (VAN DER SCHAAR MAURITS 5,8.,9,
[NL] ET AL) 12 October 2017 (2017-10-12) 13,14

A paragraph [0048] - paragraph [0059] 1,15
figures 4,8

D Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

31 January 2019

Date of mailing of the international search report

22/02/2019

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Meixner, Matthias

Form PCT/ISA/210 (second sheet) (April 2005)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/EP2018/085884
Patent document Publication Patent family Publication

cited in search report date member(s) date

US 2012206703 Al 16-08-2012 CN 102636963 A 15-08-2012
IL 217843 A 30-11-2016
JP 5280555 B2 04-09-2013
JP 2012169617 A 06-09-2012
KR 20120092517 A 21-08-2012
TW 201245895 A 16-11-2012
US 2012206703 Al 16-08-2012

US 4200395 A 29-04-1980 CA 1093297 A 13-01-1981
DE 2819400 Al 09-11-1978
FR 2389928 Al 01-12-1978
GB 1601409 A 28-10-1981
JP 56228576 B2 22-06-1987
JP S53137673 A 01-12-1978
us 4200395 A 29-04-1980

US 2017293233 Al 12-10-2017  TW 201802613 A 16-01-2018
US 2017293233 Al 12-10-2017
WO 2017178220 Al 19-10-2017

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - description
	Page 45 - description
	Page 46 - description
	Page 47 - description
	Page 48 - description
	Page 49 - description
	Page 50 - description
	Page 51 - description
	Page 52 - description
	Page 53 - description
	Page 54 - claims
	Page 55 - claims
	Page 56 - claims
	Page 57 - drawings
	Page 58 - drawings
	Page 59 - drawings
	Page 60 - drawings
	Page 61 - drawings
	Page 62 - drawings
	Page 63 - drawings
	Page 64 - drawings
	Page 65 - drawings
	Page 66 - drawings
	Page 67 - drawings
	Page 68 - drawings
	Page 69 - drawings
	Page 70 - drawings
	Page 71 - drawings
	Page 72 - drawings
	Page 73 - drawings
	Page 74 - drawings
	Page 75 - drawings
	Page 76 - drawings
	Page 77 - drawings
	Page 78 - drawings
	Page 79 - drawings
	Page 80 - drawings
	Page 81 - drawings
	Page 82 - drawings
	Page 83 - drawings
	Page 84 - drawings
	Page 85 - drawings
	Page 86 - drawings
	Page 87 - drawings
	Page 88 - wo-search-report
	Page 89 - wo-search-report

