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(57) Abstract: Methods are disclosed for measuring tar-
get structures (32-35) formed by a lithographic process
on a substrate (W). A grating structure within said target
is smaller than an illumination spot (31) and field of
view of a measurement optical system. The optical sys-
tem has a first branch leading to a pupil plane imaging
sensor (19) and a second branch leading to a substrate
plane imaging sensor (23). A spatial light modulator
(SLM) (24, 124, 224, 324) is arranged in an intermedi-
ate pupil plane of the second branch of the optical sys-
tem. The SLM imparts a programmable pattern of atten-
uation that may be used to correct for asymmetries be-
tween the first and second modes of illumination or
imaging. By use of specific target designs and machine-
learning processes, the attenuation patterns may also be
programmed to act as filter functions, enhancing sensi-
tivity to specitic parameters of interest, such as focus.
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METROLOGY METHOD AND APPARATUS, LITHOGRAPHIC SYSTEM AND DEVICE MANUFACTURING
METHOD

BACKGROUND

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of US provisional application 61/420,428, which
was filed on December 7, 2010 and US provisional application 61/412,980, which was filed

on November 12, 2010, 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 and to methods of

manufacturing devices using 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. Known lithographic
apparatus include so-called steppers, in which each target portion is irradiated by exposing an
entire pattern onto the target portion at one time, and so-called scanners, in which each target
portion is irradiated by scanning the pattern through a radiation beam in a given direction (the
“scanning”’-direction) while synchronously scanning the substrate parallel or anti parallel to
this direction. It is also possible to transfer the pattern from the patterning device to the
substrate by imprinting the pattern onto the substrate.

[0004] 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
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measure critical dimension (CD), and specialized tools to measure overlay, the accuracy of
alignment of two layers in a device. 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 structure by iterative approaches such as rigorous coupled wave analysis or finite
element methods; library searches; and principal component analysis.

[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 10um or less, e.g., so they can be positioned in amongst product features, rather than in
the scribe lane, so-called “small target” metrology has been proposed, in which the grating is
made smaller than the measurement spot (i.e., the grating is overfilled). Typically small
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. 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.
The intensities from the environment product structures can efficiently be separated from the
intensities from the overlay target with the dark-field detection in the image-plane.

[0006] In the known dark-field metrology technique, best overlay measurement results are
obtained if the target is measured twice under certain conditions, while the wafer is rotated to
obtain the -1 and the +1 diffraction order intensities in turn. The use of exactly the same
optical path for both measurements ensures that any difference between the measured
intensities is due to target properties, not properties of the instrument. On the other hand, the
requirement to rotate the target, which may be on a large substrate, makes the process slow

and the apparatus potentially more complex.
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SUMMARY OF THE INVENTION

[0007] It is desirable to provide a method and apparatus for dark field metrology, for
example to measure asymmetry and/or overlay in target gratings, in which throughput and
accuracy can be improved over prior published techniques.

[0008] The invention in a first aspect provides a method of measuring asymmetry in a
periodic structure formed by a lithographic process on a substrate, the method comprising the
steps of:

using the lithographic process to form a periodic structure on the substrate;

a first measurement step comprising forming and detecting a first image of the
periodic structure while illuminating the structure with a first beam of radiation, the
first image being formed using a first selected part of diffracted radiation;

a second measurement step comprising forming and detecting a second image
of the periodic structure while illuminating the structure with a second beam of
radiation, the second image being formed using a second selected part of the
diffracted radiation which is symmetrically opposite to the first part, in a diffraction
spectrum of the periodic structure; and

using a difference in intensity values derived from the detected first and
second images together to determine the asymmetry in the profile of the periodic
structure,

wherein the optical system further comprises a spatial light modulator which is
controlled to apply a varying non-binary optical attenuation over said first and second
selected parts of the diffracted radiation prior to forming said first and second images
respectively.

[0009] In some embodiments, the first and second measurement steps are performed without
rotating the substrate using different optical paths within a measurement optical system, and
wherein said varying optical attenuation is configured to reduce an influence on the
determined property of the difference in optical paths between the first and second
measurement steps.

[0010] Calibration measurements to determine the varying attenuation pattern can be
performed using a calibration target. Calibration measurements may involve rotation of the
calibration target. The calibration target may have a periodic structure larger than a field of

view of said measurement optical system.
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[0011] In some embodiments, said varying optical attenuation implements a first and second
filter functions for the respective measurement step, said filter functions being calculated to
enhance sensitivity of the calculated difference to a property of interest. In certain
embodiments, said filter functions are calculated such that the calculated difference is related
directly to said performance parameter of the lithographic process, for example focus, rather
than a feature of the periodic structure itself.

[0012] The method in some embodiments is performed on in several periodic structures
simultaneously, using structures are small enough to all fit within a field of view of the
measurement optical system. This field of view may be defined for example by an
illumination spot size. The first and second images may be obtained using different modes of
illumination, and/or different modes of imaging.

[0013] In one embodiment, said measurement optical system comprises a first optical branch
and image sensor for forming and detecting calibration images in a plane conjugate with a
pupil plane of an objective lens of said optical system, and a second optical branch and image
sensor for forming and detecting said first and second images in a plane conjugate with a
plane of the substrate, said spatial light modulator being positioned in an intermediate pupil
plane of the second branch.

[0014] The invention further provides an inspection apparatus configured for measuring
asymmetry in a periodic structure on a substrate, the inspection apparatus comprising:

an illumination arrangement operable to deliver conditioned beams of
radiation to the substrate for use in measurement steps;

a detection arrangement operable during such measurement steps to form and
detect respective images of the substrate using radiation diffracted from the substrate
the illumination arrangement and the detection arrangement forming a measurement
optical system; and

a stop arrangement within the detection arrangement,

wherein the illumination arrangement and stop arrangement together are
operable to select which part of a diffraction spectrum of the diffracted radiation
contributes to each image,

and wherein the detection arrangement further comprises a spatial light
modulator operable to apply a varying optical attenuation over the selected part of the
diffracted radiation prior to forming said first and second images respectively.

[0015] The apparatus may be used to implement the method of the invention, as set forth

above.
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[0016] The invention further provides a lithographic system including a lithographic
apparatus and an inspection apparatus according to the invention, as set forth above.

[0017] The invention further provides a method of manufacturing devices wherein a device
pattern is applied to a series of substrates using a lithographic process, the method including
inspecting at least one periodic structure formed as part of or beside said device pattern on at
least one of said substrates using an inspection method according to the invention as set forth
above, and controlling the lithographic process for later substrates in accordance with the
result of the inspection method.

[0018] 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/FIGURES
[0019] Embodiments of the invention will now be described, by way of example, 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
invention;
Figure 3 comprises (a) a schematic diagram of an inspection apparatus according to a
first embodiment of the invention, (b) a detail of diffraction spectrum of a target
grating for a given direction of illumination (c¢) a second pair of illumination apertures
providing further illumination modes in using the scatterometer for diffraction based
overlay measurements and (d) a third pair of illumination apertures combining the
first and second pair of apertures;
Figure 4 depicts a known form of target and an outline of a measurement spot on a
substrate;
Figure 5 depicts an image of the targets of Figure 4 obtained in the scatterometer of

Figure 3;
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Figure 6 is a flowchart showing the steps of an overlay measurement method using
the scatterometer of Figure 3, including calibration and correction steps performed in
accordance with a first embodiment of the invention;

Figure 7 illustrates the principles of the calibration and correction steps in the method
of Figure 6;

Figure 8 comprises (a) a schematic diagram of an inspection apparatus according to a
second embodiment of the invention, (b) a detail of diffraction spectrum of a target
grating for on-axis illumination (c) a second pair of field stop patterns usable in the
scatterometer to provide further imaging modes in using the scatterometer for
diffraction based overlay measurements and (d) a third pair of field stop patterns
combining the first and second pair of apertures;

Figure 9 illustrates a set of calibration measurements made in the method of Figure 6
as applied in the inspection apparatus of the second embodiment;

Figure 10 illustrates a third embodiment of the invention in which a single spatial
light modulator serves both for correction of radiation intensities and selection of
different imaging modes;

Figures 11 (a) and (b) illustrate the configuration of different field stop patterns in the
second and third embodiments, when an illumination mode changes from on-axis to
off-axis;

Figure 12 is a flowchart showing the steps of a measurement method in accordance
with a fourth embodiment of the invention which includes calibration by learning to
measure directly a parameter of interest;

Figure 13 illustrates (a) a segmented illumination aperture and (b) a corresponding
diffraction spectrum for use in various embodiments of the invention;

Figure 14 illustrates an example a learned attenuation pattern applied by the SLM in
the method of Figure 12 with the illumination mode of Figure 13 for the measurement
of focus; and

Figure 15 illustrates a modified embodiment of the invention in which a reflective
spatial light modulator is used in place of the transmissive spatial light modulator

used in the third embodiment.

DETAILED DESCRIPTION
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[0020] 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.

[0021] Figure 1 schematically depicts a lithographic apparatus LA. The apparatus includes an
illumination system (illuminator) IL 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
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 W.

[0022] The illumination system may include various types of optical components, such as
refractive, reflective, magnetic, electromagnetic, electrostatic or other types of optical
components, or any combination thereof, for directing, shaping, or controlling radiation.
[0023] 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.”
[0024] 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.
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[0025] 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 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
maitrix.

[0026] The term “projection system” used herein should be broadly interpreted as
encompassing any type of projection system, including refractive, reflective, catadioptric,
magnetic, electromagnetic and electrostatic optical systems, or any combination thereof, as
appropriate for the exposure radiation being used, or for other factors such as the use of an
immersion liquid or the use of a vacuum. Any use of the term “projection lens” herein may be
considered as synonymous with the more general term “projection system”.

[0027] 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).
[0028] The lithographic apparatus may be of a type having two (dual stage) or more substrate
tables (and/or two or more mask tables). In such “multiple stage” machines the additional
tables may be used in parallel, or preparatory steps may be carried out on one or more tables
while one or more other tables are being used for exposure.

[0029] 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.

[0030] Referring to Figure 1, the illuminator IL receives a radiation beam from a radiation
source SO. The source and the lithographic apparatus may be separate entities, for example
when the source is an excimer laser. In such cases, the source is not considered to form part
of the lithographic apparatus and 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
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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.

[0031] The illuminator IL 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 c-inner, respectively) of the intensity distribution in a
pupil plane of the illuminator can be adjusted. In addition, the illuminator IL 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.

[0032] 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 system PS, which focuses the beam onto a target
portion C of the substrate W. With the aid of the second positioner PW and position sensor IF
(e.g., an interferometric device, linear encoder, 2-D encoder or capacitive sensor), the
substrate table WT can be moved accurately, e.g., so as to position different target portions C
in the path of the radiation beam B. Similarly, the first positioner PM and another position
sensor (which is not explicitly depicted in Figure 1) can be used to accurately position the
patterning device (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. In general, movement of the
patterning device support (e.g., mask table) MT may be realized with the aid of a long-stroke
module (coarse positioning) and a short-stroke module (fine positioning), which form part of
the first positioner PM. Similarly, movement of the substrate table WT may be realized using
a long-stroke module and a short-stroke module, which form part of the second positioner
PW. In the case of a stepper (as opposed to a scanner) the patterning device support (e.g.,
mask table) MT may be connected to a short-stroke actuator only, or may be fixed.

[0033] 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
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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.

[0034] The depicted apparatus could be used in at least one of the following modes:
1. In step mode, the patterning device support (e.g., mask table) MT and the
substrate table WT are kept essentially stationary, while an entire pattern imparted to
the radiation beam is projected onto a target portion C at one time (i.e., a single static
exposure). The substrate table WT is then shifted in the X and/or Y direction so that a
different target portion C can be exposed. In step mode, the maximum size of the
exposure field limits the size of the target portion C imaged in a single static
exposure.
2. In scan mode, the patterning device support (e.g., mask table) MT and the
substrate table WT are scanned synchronously while a pattern imparted to the
radiation beam is projected onto a target portion C (i.e., a single dynamic exposure).
The velocity and direction of the substrate table WT relative to the patterning device
support (e.g., mask table) MT may be determined by the (de-)magnification and
image reversal characteristics of the projection system PS. In scan mode, the
maximum size of the exposure field limits the width (in the non-scanning direction) of
the target portion in a single dynamic exposure, whereas the length of the scanning
motion determines the height (in the scanning direction) of the target portion.
3. In another mode, the patterning device support (e.g., mask table) MT is kept
essentially stationary holding a programmable patterning device, and the substrate
table WT is moved or scanned while a pattern imparted to the radiation beam is
projected onto a target portion C. In this mode, generally a pulsed radiation source is
employed and the programmable patterning device is updated as required after each
movement of the substrate table WT or in between successive radiation pulses during
a scan. This mode of operation can be readily applied to maskless lithography that
utilizes programmable patterning device, such as a programmable mirror array of a
type as referred to above.

[0035] Combinations and/or variations on the above described modes of use or entirely

different modes of use may also be employed.

[0036] Lithographic apparatus LA is of a so-called dual stage type which has two substrate

tables WTa, WTb and two stations — an exposure station and a measurement station —
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between which the substrate tables can be exchanged. While one substrate on one substrate
table is being exposed at the exposure station, another substrate can be loaded onto the other
substrate table at the measurement station and various preparatory steps carried out. The
preparatory steps may include mapping the surface control of the substrate using a level
sensor LS and measuring the position of alignment markers on the substrate using an
alignment sensor AS. This enables a substantial increase in the throughput of the apparatus.
If the position sensor IF is not capable of measuring the position of the substrate table while it
is at the measurement station as well as at the exposure station, a second position sensor may
be provided to enable the positions of the substrate table to be tracked at both stations.

[0037] As shown in Figure 2, the lithographic apparatus LA forms part of a lithographic cell
LC, also sometimes referred to a lithocell or cluster, which also includes 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/01, I/02, 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.

Small Target Dark Field Metrology
[0038] A dark field metrology apparatus according to a first embodiment of the invention is
shown in Figure 3(a). A target grating G and diffracted rays are illustrated in more detail in
Figure 3(b). The dark field 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. 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,
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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 13S, 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.
[0039] As shown in Figure 3(b), target grating G is placed with substrate W normal to the
optical axis O of objective lens 16. A ray of illumination I impinging on grating G from an
angle off the axis O gives rise to a zeroth order ray (solid line 0) and two first order rays
(single dot-dash line +1 and double dot-dash line -1). It should be remembered that each of
the rays illustrated is just one of many parallel rays covering the area of the substrate which
including metrology target grating G and possibly, with an overfilled small target grating,
other features unrelated to the measurement process. 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 and
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.

[0040] At least the O and +1 orders diffracted by the target 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 is from the north side of
the optical axis, that is when the first illumination mode is applied using aperture plate 13N,
the +1 diffracted rays, which are labeled +1(N), enter the objective lens 16. In contrast, when
the second illumination mode is applied using aperture plate 13S the -1 diffracted rays
(labeled -1(S) are the ones which enter the lens 16.

[0041] 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
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(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, which are not the subject of the present
disclosure. In accordance with the invention, however, the pupil plane image sensor 19 play a
part in calibrating a correction to be applied by a spatial light modulator in the second
measurement branch.

[0042] In the second measurement branch, an optical system including lenses 20, 22 forms an
image of the target on the substrate W on sensor 23 (e.g. a CCD or CMOS sensor). In the
second measurement branch, an aperture plate referred to as field stop 21 is provided in a
plane that is conjugate to the pupil-plane. This plane will be referred to as an ‘intermediate
pupil plane” when describing the invention. Field 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 image
processor and controller PU, the function of which will depend on the particular type of
measurements being performed. Note that the term ‘image’ is used 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.

[0043] In accordance with a first embodiment of the invention, the apparatus of Figure 3(a)
includes a spatial light modulator (SLM) 24, which is used to apply corrections to the
imaging beam in an intermediate pupil plane of the imaging branch of the optical system.
SLM 24 in this embodiment is controlled by controller PU in accordance with calibration
results obtained from a calibration step SO, to be described in more detail below. The
calibration step uses the pupil imaging sensor 19, and may be shared with calibration
measurements for use in metrology methods which use primarily the pupil image sensor 19.
[0044] SLM 24 is illustrated as lying in a plane adjacent to that field stop 21. In later
embodiments, it will be seen how the functions of the field stop and SLM can be combined.
For the time being, they can be regarded as separate. As the skilled reader will know, a
spatial light modulator or SLM is a device which can be controlled electronically to modulate
the passage of radiation through it, according to a desired pattern of transmission
characteristics, across the plane of the SLM device. Typically, SLM devices are organized as

arrays of pixels, similar to pixels of a display device. While, in a display device, the value
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assigned to a pixel dictates the brightness of a pixel as perceived by a viewer, in the case of
SLM 24, the value assigned to a pixel will determine the attenuation of radiation passing
through that pixel. Since the pixels of the SLM 24 are located in an intermediate pupil plane,
rather than image plane such as the plane of sensor 23, the attenuation applied at a given
location in the plane of SLM 24 will attenuate a certain spatial frequency component which
contributes to the image measured by sensor 23. Different types of SLM including both
transmissive and reflective types can be employed in the invention. Some of these will be
mentioned further below.

[0045] The particular forms of aperture plate 13 and field stop 21 shown in Figure 3 are
purely examples. In other embodiments of the invention, some of which will be illustrated
and described below, on-axis illumination of the targets is used and a field stop with an off-
axis aperture is used to pass substantially only one first order of diffracted light to the sensor.
In yet other embodiments, 2nd, 3rd and higher order beams (not shown in Figure 3) can be
used in measurements, instead of or in addition to the first order beams.

[0046] In order to make the illumination adaptable to these different types of measurement,
the aperture plate 13 may comprise a number of aperture patterns formed around a disc,
which rotates to bring a desired pattern into place. Alternatively or in addition, a set of plates
13 could be provided and swapped, to achieve the same effect. A programmable illumination
device such as a deformable mirror array or transmissive spatial light modulator can be used
also. Moving mirrors or prisms can be used as another way to adjust the illumination mode.
[0047] As just explained in relation to aperture plate 13, the selection of diffraction orders for
imaging can alternatively be achieved by altering the field stop 21, or by substituting a field
stop having a different pattern, or by replacing the fixed field stop with a programmable
spatial light modulator. In that case the illumination side of the measurement optical system
can remain constant, while it is the imaging side that has first and second modes. In the
present disclosure, therefore, there are effectively two types of embodiment: one where the
illumination mode is changed and another where the imaging mode is changed. In each case
the desired effect is the same, namely to select first and second portions of the non-zero order
diffracted radiation which are symmetrically opposite one another in the diffraction spectrum
of the target. The first embodiment of the invention, illustrated in Figure 3 and described
above, is of the first type, in which illumination modes are changed. The second, third and
fourth embodiments, described below, are of the second type, where the imaging mode is
changed between the first and second measurements. In principle, the desired selection of

orders could be obtained by a combination of changing the illumination modes and the
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imaging modes simultaneously between measurements, but that is likely to bring
disadvantages for no advantage, so it will not be discussed further. Most embodiments
therefore will involve changing either the illumination mode or the imaging mode between
the first and second measurements, while the other mode remains constant.

[0048] While the optical system used for imaging in the present examples has a wide
entrance pupil which is restricted by the field stop 21, in other embodiments or applications
the entrance pupil size of the imaging system itself may be small enough to restrict to the
desired order, and thus serve also as the field stop. Different aperture plates are shown in
Figures 3(c) and (d) which can be used as described further below. For the time being, it is
sufficient to consider simply that the aperture plate 13N is used.

[0049] Figure 4 depicts a composite target formed on a substrate according to known
practice. The composite target comprises four gratings 32 to 35 positioned closely together
so that they will all be within a measurement spot 31 formed by the illumination beam of the
metrology apparatus and thus are all simultaneously illuminated and simultaneously imaged
on sensors 19 and 23. In an example dedicated to overlay measurement, 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 are differently
biased in order to facilitate measurement of overlay between the layers in which the different
parts of the composite gratings are formed. In one example, gratings 32 to 35 have biases of
+d, -d, + 3d, -3d respectively. This means that one of the gratings has its components
arranged so that if they were both printed exactly at their nominal locations one of the
components would be offset relative to the other by a distance d. A second grating has its
components arranged so that if perfectly printed there would be an offset of d but in the
opposite direction to the first grating and so on. While four gratings are illustrated, a
practical embodiment might require a larger matrix to obtain the desired accuracy. For
example, a 3 x 3 array of nine composite gratings may have biases -4d, -3d, -2d, -d, 0, +d,
+2d, +3d, +4d. Separate images of these gratings can be identified in the image captured by
sensor 23.

[0050] Figure 5 shows an example of an image that may be formed on and detected by the
sensor 23, using the target of Figure 4 in the apparatus of Figure 3, using the aperture plates
13N or 135S from Figure 3(a). 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
labeled 23 represents the field of the image on the sensor 23, within which the illuminated

spot 31 on the substrate is imaged into a corresponding circular area 41. Within this,
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rectangular areas 42-45 represent the images of the small target gratings 32 to 35. If the
gratings are located in product areas, product features may also be visible in this image.
Image processor and controller PU processes these images to identify the separate images 42
to 45 of gratings 32 to 35. This can be done by pattern matching techniques, so that the
images do not have to be aligned very precisely at a specific location within the sensor frame.
Reducing the need for accurate alignment in this way greatly improves throughput of the
measuring apparatus as a whole. However, positional variation may introduce inaccuracies in
the measurement results, if the imaging process is subject to non-uniformities across the
image field. In accordance with another invention, subject of a co-pending application US
61/412,381 corrections are made in the measured intensities, according to the position at
which each grating image is observed within the field of image sensor 23.

[0051] Once the separate images of the gratings have been identified, the intensities of those
individual images can be measured, e.g., by averaging or summing selected pixel intensity
values within the identified areas. Intensities and/or other properties of the images can be
compared with one another. These results can be combined to measure different parameters
of the lithographic process. Overlay performance, which can be measured by measuring
asymmetry of a grating target, is an important example of such a parameter.

[0052] Figures 6 illustrates how, using the apparatus of Figure 3, overlay error between the
two layers containing the component gratings 32 to 35 is measured through asymmetry of the
gratings, as revealed by comparing their intensities in the +1 order and -1 order dark field
images. At step S1, the substrate, for example a semiconductor wafer, is processed through
the lithographic cell of Figure 2 one or more times, to create a structure including the overlay
targets 32-35. At S2, using the metrology apparatus of Figure 3 with only a single pole of
illumination (e.g. north, using plate 13N), an image of the gratings 32 to 35 is obtained using
only one of the first order diffracted beams (say +1). Then, by changing the aperture plate 13
to the opposite illumination mode (e.g. south, using plate 13S) a second image of the gratings
is obtained using the other first order diffracted beam can be obtained (step S3).
Consequently the -1 diffracted radiation is captured in the second image.

[0053] The images obtained in steps S2, S3 look generally like that shown in Figure 5, where
the area of the illumination spot 31 is imaged using just the -1 or the +1 order diffracted
radiation into circle 41(-) and the individual grating images are labeled 42(-) to 45(-). 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 grating

lines will not be resolved. Each grating will be represented simply by an area of a certain grey
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level. The asymmetry of the grating structure, and hence overlay error, can then be
determined by the image processor and controller PU in a step S4. In this step, the intensity
values obtained in the images for the +1 and -1 orders for each grating 32-35 are compared to
identify any difference in their intensity. In step S5, from knowledge of the overlay biases of
the gratings, the results of these comparisons are used to determine the amount of overlay
error affecting the substrate W in the vicinity of the target G.

[0054] Typically, a target grating will be aligned with its grating lines running either north-
south or east-west. That is to say, a grating will be aligned in the X direction or the Y
direction of the substrate W. Note that aperture plate 13N or 13S can only be used to measure
gratings oriented in one direction (X or Y depending on the set-up). For measurement of an
orthogonal grating, rotation through 90° and 270° might be implemented. More conveniently,
however, illumination from ‘east’ or ‘west’ is provided in the illumination optics, using the
aperture plate 13E or 13W, shown in Figure 3(c). The aperture plates 13N to 13W can be
separately formed and interchanged, they may be formed as patterns at different positions on
a larger plate, to that a selected pattern to be slid or rotated into place, or they may be a single
aperture plate which can be rotated by 90, 180 or 270 degrees. As mentioned already, the off-
axis apertures illustrated in Figure 3(c) could be provided in field stop 21 instead of in
illumination aperture plate 13. In that case, the illumination would be on axis.

[0055] Figure 3(d) shows a third pair of aperture plates that can be used to combine the
illumination modes of the first and second pairs. Aperture plate 13NW has apertures at north
and east, while aperture plate 13SE has apertures at south and west. One of these gratings will
diffract light from the east and west portions of the aperture plates, while the other grating
will diffract light from the north and south portions. Provided that cross-talk between these
different diffraction signals is not too great, measurements of both X and Y gratings can be
performed without changing the illumination mode.

[0056] Where a number of targets are to be measured across the substrate, there are various
possibilities for sequencing the measurement to achieve the maximum throughput and
accuracy with a given hardware set-up. For example, measurement steps S2 and S3 can be
performed each target, swapping the illumination mode, before moving to the next target. To
minimize the swapping operations, the steps may be performed in the order S2, S3 for one
target, and in the order S3, S2 for the next. Alternatively, the step S2 may be performed for
all targets on the substrate, or for a certain group of targets, before swapping the illumination
mode and performing step S3 for all the targets. The images can be stored in controller PU, or

external storage. Provided they are indexed or labeled with their corresponding target ID and
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illumination mode, the order in which they are obtained is unimportant for their subsequent

processing.

Tool Asymmetry and Asymmetry Correction Using SLM

[0057] Because, in the example process just described, the illumination mode changes to
rotate the angle of incidence by 180°, differences in intensity between the images made using
-1 and +1 order should be attributable entirely to asymmetry, and hence overlay error, in the
target gratings. However, while the optical system in principle remains constant, in practice
the difference in optical paths through the optical elements, especially the objective lens 16,
introduces intensity differences that are dependent on the measuring apparatus. These
differences, which are due to the use of a real scatterometer as the measuring tool, rather than
some theoretical ideal or ‘perfect’ scatterometer. These differences make the overlay or other
measurement result subject to tool-induced errors. To eliminate these errors, it would be an
option to keep the measurement optical system absolutely unchanged between the
measurement steps S2 and S3, and to rotate the substrate 180°. Unfortunately, the rotation
step between measurements would introduce delays which can reduce the throughput of the
process. (It may also increase the risk that measurement conditions between the two images
will be non-identical due to drift in some component.)

[0058] The inventors have therefore considered what measures might be taken to correct
some or all of these tool-dependent errors, caused by a difference in characteristics of the
optical path when changing imaging modes and/or illumination modes, so as to obtain
accurate measurements of overlay, asymmetry etc,. without the burden of rotating the
substrate.

[0059] Referring again to Figure 6 a calibration and correction process represented by steps
S0, S2a, S3a and S4a is shown alongside the measurement process of steps S1 to S5
described already. Summarizing the calibration and correction method briefly, the calibration
process in step SO is performed using the branch of the scatterometer which includes the
pupil image sensor 19, rather than the branch that includes the image sensor 23 in which the
small target dark field asymmetry measurements are actually to be made. Calibration
measurements are made on a large (e.g. 40x40 urnz) grating, using the same illumination
apertures 13 that will be used for the dark field image intensity measurements in steps 52, S3.
Also the grating pitch, wavelength and polarization should be the same to the ones that will

apply in the steps S2, S3. The grating used need not have two layers or any particular overlay.
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Examples of calibration step SO will be illustrated and described in more detail below, with
reference to Figures 7 and 9.

[0060] During the actual measurement of targets, in step S2a, SLM 24 is programmed with a
correction pattern that has been determined through the calibration process, and is appropriate
for the -1 order image measurement, performed in step S2. Similarly, in step S3a, SLM 24 is
set up with a correction pattern appropriate to the second illumination mode, prior to
measurement of the +1 order scatterometry image in step S3. These correction patterns can
be regarded as an “asymmetry map” of the inspection apparatus.

[0061] Step S4a represents a correction for differences in optical path caused by variation of
the position of a small target within a field of view of the scatterometer. For this positional
correction, a calibration step SO includes performing a plurality of calibration measurements
on a target which is placed at different positions within the field of view 31 between different
calibration measurements. Correction step S4a is performed by software within controller
PU. This position correction is described in our co-pending application no. US 61/412,381
(ref P-3746.000-US). The position correction will not be described in further detail here and
calibration step SO will always refer to obtaining a pupil-based asymmetry map for the two
illumination modes or imaging modes as applied in steps S2 and S3 and described further
below.

[0062] Figure 7 illustrates the principle of the calibration measurements, by which pixel
intensity measurements made by pupil plane image sensor 19, represented by the rectangle at
the top of the drawing, are used to derive correction factors to be applied at pixel locations in
SLM 24, represented by the rectangle at the foot of the page, and located in an intermediate
pupil plane of the substrate image sensor 23. Pupil image sensor 19 is organized as a
rectangular array 70 of pixels, indexed by a pair of co-ordinates u, v, as marked. The
directions of the u and v co-ordinates correspond to the X and Y axes of the apparatus, but
because sensor 19 is in a conjugate pupil plane of the objective lens 16, positions in u and v
correspond to spatial frequencies in the diffraction spectrum of the target, rather than points
in the substrate plane. A dashed circle 72 represents the angular extent of the pupil of
objective lens 16 as it is transmitted through the intermediate pupil aperture stop towards the
image as detected on 23. The intermediate aperture stop can at maximum be as large as the
intersection of the 13N and 13S apertures after diffraction, where they coincide partly at the

center of the pupil plane. The location of the optical axis O is indicated by a spot. A vector

K , indicates the position of a particular pixel 74 in the array 70. This pixel is shaded black.
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Symmetrically opposite to pixel 74 is another pixel labeled 76 and shaded white, whose
vector position from the origin O on the optical axis is — K . For a diffraction spectrum

which is symmetrical about the optical axis O, these pixels record symmetrically opposite
parts of the spectrum.

[0063] As illustrated schematically at the right hand side of the diagram, in step SO
calibration measurements are taken of the intensity I(u,v) at each pixel with a well defined
target positioned in the field of view of the scatterometer, firstly with a zero angle of rotation
in the substrate plane and secondly with a 180 degrees () rotation. RZ in the drawing labels
refers to rotation about the Z axis. By comparing the intensities between the two rotations of
the target, and between the symmetrically opposite pixel positions in the pupil plane pixel
array 70, an asymmetry of the optical system can be calculated, to obtain an asymmetry value
8, which is relative to an average intensity of the two pixels. It should be noted that it is
sufficient to take either the +1 order intensity at wafer rotation O and 180 degrees, or the -1
order intensity at wafer rotation 0 and 180 degrees. In the example embodiment, both sets
comprising each of two intensities, thus four intensities in total, are used for more robust
calibration.

[0064] This map of asymmetries across the pixel array of the pupil image sensor is
transformed into an array of correction factors f corresponding to the pixel positions u, v.
This in turn is converted, if necessary, to a map of the correction factor f at pixel positions u’,
v’ in a pixel array 80 of SLM 24. The co-ordinate pairs u’, v’ may in principle be identical to
the co-ordinates u, v, but allowance should be made for a difference in the number of pixels
(sampling density) and for a possible rotation between the two pupil planes in the SLM 24,
compared to sensor 19. The correction factors f can be stored in a two-dimensional array,
indexed directly by the co-ordinates u’, v’. They may be indexed by vector K or in any other
desired format. Since SLM 24 can only attenuate radiation, not amplify it, the correction
values must be scaled down before being applied to SLM 24, so that there is headroom to
apply correction factors both greater than and less than some value that represents unity.
[0065] To provide some theoretical basis and notation for a more detailed description of the

calibration and correction processes, let us start with expressions for the as-detected
intensities I,, of each pixel in the +1 and -1 orders; the expression applies for a given pixel-

pair in the pupil plane image detected by sensor 19, with one pixel belonging to the +1 and
the other to the -1 order; in the pupil plane, both pixels are related via a point-inversion

through the origin O. The transmission characteristics of the scatterometer for the two paths
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through the objective lens 16 for the opposite pixels of the pixel-pair are denoted by T (1 *
d). Further, let i_H be the ideal intensity of the respective first orders, corrected for the

asymmetry in transmission. The common transmission factor T is symmetrical in effect, and
so not of particular interest for the present description. It can be put equal to 1.

[0066] Returning to Figure 7, the left hand part of the diagram illustrates the performance of
four calibration measurements on a target grating 82. Substrate W in this calibration process
may be a product wafer, or a special calibration substrate. As mentioned already, calibration
target grating 82 is a larger grating than the overlay measurement gratings 32 etc. shown in
Figure 4, and is larger than the illumination spot 31 of the inspection apparatus. Four
measurement steps M1 to M4 are illustrated, each performed under different conditions and
feeding a respective intensity value into the calibration calculation. Two measurements M1,
M2 are performed with substrate W at a first angle of rotation, conveniently referred to as
zero degrees. A further pair of measurements M3, M4 are made with the substrate, and hence
grating 82, rotated by 180° (x). In each pair of measurements, one measurement is taken
with each of the illumination modes to be used in the overlay measurements. In the case of
the apparatus shown in Figure 3(a), the illustration corresponds to making measurements with
the aperture plates 13E and 13W, for example. Referring to the diagram for measurement
M1, the circle represents the pupil image 72, recorded in pupil image sensor 19. The zero
order image of the aperture in aperture plate 13 is indicated at 84. Because of the diffraction
caused by the grating having a pre-determined pitch, the first order diffraction signal appears
as a copy of the aperture displaced by a certain amount in the pupil image, as shown at 84°.
The intensity of one pixel within this area 84’ comprises the intensity of the +1 diffraction
order corresponding to illumination originating from a position indicated by a small circle in
the aperture 84. The same pattern appears in the intermediate pupil plane of the imaging
branch. Zero order diffracted radiation occurring at the position 84 is blocked during

measurements, by field stop 21. The intensities of the black, integrated over the area of the
diffracted aperture 84; provide the measured intensity 1., ..

[0067] Changing the aperture, for example from 13E to 13W, the measurement step M2 is
performed to measure the intensity of the -1 order at zero rotation, namely 7° .As will be

seen, each pixel in each measurement has a symmetrically placed pixel on the other side of
the optical axis, indicated in these diagrams by a small dotted square.
[0068] After the measurements M1, M2 have been taken, the substrate W is rotated and the

grating 82 is again brought into the field of view of the inspection apparatus. Measurements
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M3 and M4 are performed exactly in the same way as M1 and M2 respectively. However,
because the grating has been rotated 180°, measurement M3 obtains the -1 order intensities,
while measurement obtains the +1 order intensities. It is an arbitrary choice which of two
first orders is labeled +1 and which is labeled -1. The point is that, by rotating the grating
180°, the opposite order is brought to the same pixel positions in the pupil image 72. By
combining the results of measurements M1 to M4, therefore, asymmetry due to the
instrument itself, in particular asymmetries due to the different optical paths used in the
different illumination modes between measurements, can be calculated and corrected using
the correction factors f.
[0069] In the calibration process, measurements M1 and M2 respectively

L=+,

15=1-861,
[0070] Measurements M3, M4 at a wafer (substrate) rotation 7, the optical paths for the +1
and -1 orders are interchanged, to measure:

I5=0-9)I,

I =(1+8)1
[0071] As already mentioned, these intensities are measured separately for every pixel of
sensor 19. From these measured intensities, sensor asymmetry d per pixel can be computed

using all four intensities simultaneously for the equation:

5:0.50[131 — L +I?1 _Iij

[0072] With this procedure we can calibrate the tool asymmetry d for every pixel-pair in the
first orders once and for all, and this is achieved with only one 180° rotation of the substrate
over T). Subsequently, we can use SLM 24 to correct the intensities measured for small target
gratings to obtain overlay values without substrate rotation. The correction factors f,; and {
are obtained (per pixel in the pupil-plane) by applying the equation to a measurement

performed at the O wafer (substrate) rotation:

7 0
1 = T ill +1
therefore 1

filzlié‘
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[0073] As already explained, the asymmetries are obtained in step S4 based on the intensities
averaged out over the dark-field image 42 etc. of the small grating 32 etc., measured in steps
S2 and S3. Because of Parceval’s theorem, the asymmetries can also be modeled by
averaging out the intensities in the intermediate pupil plane over the aperture. Consider a
target such as the composite target of Figure 4, in which four gratings 32 to 35 are included.
There may be a pair of X-direction gratings and a pair of Y-direction gratings, with overlay

biases +d and —d in each pair of gratings. Using the notation introduced in Figure 7 and

recalling that 5(12 ) represents the tool-induced asymmetry between illumination modes at a

given pixel location K , the asymmetries found for the +d and —d biased gratings at each pixel

pair in step S4 for O-degree substrate rotation are:

i = [IER)-T RNk + [oRr )T ok
NA=0.40 NA=0.40
while for substrate rotation 7, the asymmetries found for the +d and —d biased
gratings become:
A= flrsle)-13&)lak - [oli)rs (&) I3 (k)] ak
NA=0.40 NA=0.40

[0074] The first term on the right-hand side of each of the above two equations is the desired

difference/asymmetry signal. The second term on the right-hand side of each equations is the

unwanted disturbance due to the tool asymmetry modeled by 5([2 ) . Note that the tool

asymmetry per-pixel couples to the sum of the +1 and -1 diffraction orders, and the terms are
averaged over the aperture in field stop 21. Due to this coupling, the effect of the tool-
induced asymmetry depends on the process conditions, for example the thickness of a layer in
between the top and bottom gratings of the overlay grating. In other words, different process
conditions could lead to different offsets in the derived asymmetries. The tool-induced offset

in the 1%-order asymmetry between the two substrate rotations at 0 and 180 degrees can be

+d

denoted by AA
= [lsR)- e R JoR)ak
NA=0.40

[0075] Because of the averaging over the aperture, the tool asymmetry cannot be corrected

by a one-time calibration of measured target asymmetry values. However, by taking the sum

of the equations for A;?and A>¢ above, effectively averaging over 0 and 7t wafer rotations,
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the terms due to the tool asymmetry 5([2 ) are perfectly cancelled out, allowing correction in

the pupil plane using calibration step SO and SLM 24.

Second Embodiment
[0076] Figure 8 illustrates a second embodiment of the invention, which is of the alternative
type discussed above, which makes asymmetry measurements from dark field images taken
in different imaging modes, rather than different illumination modes. A modified illumination
aperture plate 113 provides on-axis illumination, just for the sake of example, while field stop
121 takes different forms to select, asymmetrically, the orders of diffracted radiation that will
contribute to a dark field image on image sensor 23. Field stop 121 may, for example, take
the form shown at 121N for recording the first image (step S2), being changed to the form
shown at 1218, for the second measurement (step S3). Therefore, while the +1 order and -1
order beams are both shown in the diagram as chain-dotted rays extending to form a dark
field image on sensor 23, only one of these rays is permitted to reach the sensor at each
measurement step, the other one being blocked by field stop 121.
[0077] In this way, the measurements at steps S2 and S3 are taken using first and second
imaging modes in the imaging branch of the scatterometer, rather than by using first and
second illumination modes in the illumination branch. SLM 124 is again placed adjacent the
field stop 121 in an intermediate pupil plane of the imaging branch of the scatterometer.
[0078] As shown in Figure 8(b) the incident illumination I and the zero order diffracted
radiation 0 in this example are aligned on or close to the optical axis O. The +1 and -1 first
order diffraction signals are symmetrically diffracted to angles either side of the optical axis
O. In the pupil plane image as projected on sensor 19, these +1 and -1 diffraction orders,
which emerge at symmetrically opposite angles with respect to a zero order (specular) ray,
are imaged onto separate areas in the pixel array 70 of sensor 19. In the intermediate pupil
plane of the image sensor branch, where field stop 121 and SLM 124 are located, again these
+1 and -1 diffraction orders appear at different places across the radiation beam.
[0079] Figure 8(c) and (d) show alternative forms of aperture plate 121, for use in providing
third and fourth imaging modes for analyzing target gratings oriented along a different axis.
Figure 8(d) shows alternative field stops which combine imaging modes for gratings in two
orthogonal directions. The form of these will be recognized as being very similar to that of
the aperture plates in Figures 3(c) and (d). No more detailed description will be provided at

this stage.
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[0080] Figure 9 illustrates schematically the calibration measurements made using rotated
and non-rotated targets under illumination by the aperture plate 113. Asymmetries in the
response of the scatterometer are again measured in the pupil plane by sensor 19, and used to
derive correction factors f(u, v) by which unit PU can drive SLM 124 to attenuate, to a
greater or lesser degree, radiation passing through each pixel position in the intermediate
pupil plane in which it is located. Aperture plate 113 with its central aperture gives rise to a
zero order image 184 and first order image 184°, where the intensities for calibration are
measured in steps M1 to M4

[0081] When field stop 121 changes between the first and second measurements (first and
second imaging modes), it may be noted that the optical paths go through non-overlapping
portions of SLM 124. Therefore the pattern applied to SLM 124 to correct for the tool
asymmetry need not change between steps S2a and S2b, in this embodiment. Different
portions of the SLM 124 can be pre-programmed with the correction factors for the relevant

image mode. Portions of the SLM outside the relevant areas need not be programmed at all.

Third Embodiment

[0082] Figure 10 illustrates a third embodiment. This is similar to the embodiment of Figure
8, except that the functions of field stop and SLM have been combined in a single SLM 224.
Two alternative states of SLM 224 are labeled 224N and 224S in the diagram. These
different states are set up by unit PU as it controls SLM 224, to perform the functions of both
the field stop having a north or south aperture, and the attenuation according to correction
factors f(u,v), which were calculated for the pixel positions that happened to fall within the
aperture required for each mode.

[0083] Figure 11 illustrates at (a) and (b) how different forms of field stop 121 can be used to
extend the range of targets and illumination modes for which dark field small target images
can be captured. While different forms of field stop can be provided without use of an SLM,
the use of the SLM allows any aperture pattern to be programmed without hardware
modification, and allows aperture patterns to be switched almost instantaneously, and
therefore brings an increased flexibility in practice.

[0084] In the example of Figure 11(a), the aperture plate 13 is shown as having the same
form as in Figure 10 and the previous drawings. That is to say, illumination is provided via a
central aperture 90, on the optical axis. As is conventional, this form of aperture is
characterized by parameters 0.0/0.5 indicating that the open portion is centered at the origin

(0.0) and extends half way to the perimeter of the pupil of objective lens 16 (0.5 represents
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half way). In a middle portion of Figure 11(a) is shown an image recorded from pupil image
sensor 19 from a target having a certain pitch of grating. The bright circle at the centre of this
image represents the zero order diffracted illumination, which naturally is simply reflected
back along the optical axis and up to half way in each direction towards the periphery of the
pupil. The target used to produce this image is assumed to be a composite target of the type
illustrated in Figure 4. The composite target in this example has both X- and Y-direction
grating components, so that four areas of first order diffraction are identified at top and
bottom, left and right in the image on sensor 23. The target may for example comprise a pair
of X-direction gratings with +d and —d overlay biases, and a pair of Y-direction gratings with
+d and —d overlay biases. The target grating may have a pitch of 750nm, under illumination
of wavelength 550 nm, for example.

[0085] At the right hand side in Figure 11(a), four alternative forms of field stop 121 are
illustrated, each one being adapted to select one of the “free first order” diffraction signals
illustrated in the central image. The portions to be selected are referred to as the “free first
orders”, meaning that they are not superimposed on any other diffraction order.

[0086] Figure 11(b) shows a second form of aperture plate 13, this time having parameters
0.7/1.0. According to these parameters, the aperture is an annular ring starting 0.7 of the way
from the optical axis to the periphery of the pupil and extending all the way to the periphery.
The target grating may have a pitch of 500 nm, under illumination of wavelength 550 nm, for
example. As indicated by arrow 96, this annular mode of illumination results in a bright
annular zero-order portion in the image on sensor 19. Each of the four first order diffraction
signals becomes a segment of an annulus, these four segments overlapping with one another
and/or with the zero order signal, in the pattern shown. In this arrangement, the four free first
order signals appear in relatively small, trapezoidal portions of the image, relatively close to
the centre. As illustrated by the arrow 98, aperture plate 121 can take on four different forms,
to select each of the three first orders individually.

[0087] As in the examples of Figures 3(b) and 8(d), other forms of aperture plate can be
envisaged, which will simultaneously one of the first orders diffracted in the X direction and
another diffracted in the Y direction. As will be envisaged, the ability to provide apertures at
these different sizes and shapes in the field stop 121 allows a greater range of diffractions
gratings, illumination angles and illumination wavelengths to be exploited, to obtain the best
possible measurements of target properties such as overlay. In an embodiment such as that of

Figure 10, where the functions of field stop 121 are implemented by a programmable spatial
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light modulator such as SLM 224, no real penalty is incurred for providing a wide variety of

this field stop patterns, whether in terms of throughput or apparatus size and cost.

Fourth Embodiment

[0088] In addition to using the SLM for correction/calibration of difference between optical
paths used in different illumination and/or imaging modes, the SLM can be used to
implement ‘feature extraction’ or ‘parameter extraction’ more directly from the
measurements than in the methods described so far. To explain, the methods described above
measure asymmetry between complementary diffraction orders (step S4), and from this
asymmetry measurement and certain calibrations, another parameter such as overlay is
estimated (step S5). In the fourth embodiment, the SLM is programmed with particular
spatial variations in intensity that are designed so that the observed asymmetry is directly
representative of a parameter of the structure being measured, or the lithographic process
more generally. Such a parameter may be focus, for example. Alternatively it could be dose
or an illumination parameter as far as the scanner parameters are concerned; and it can be
overlay, or side wall angle as far as the feature parameters are concerned. In our published
patent publication WO 2010/076232 A2, the contents of which is incorporated herein by
reference in its entirety, there is disclosed a method of measuring focus using the asymmetry
in the higher orders of the scattered light, caused by an asymmetry in the profile of the
printed target such as the different left and right side wall angles (SW As) of a line structure in
the target.

[0089] In our published patent application WO 2010/130600 A1, the contents of which is
incorporated herein by reference in its entirety, there is disclosed a method of determining the
relationship between the measured asymmetry in the scatterometry spectra and the focus. In
the method two periodic structures are formed on a substrate by a lithographic apparatus,
each structure having at least one feature, such as an asymmetry between opposing sidewall
angles, which varies as a different function of the focus of the lithographic apparatus on the
substrate. The ratio of the asymmetries for each of the features can be used to determine
values for the focus on the substrate, which are independent of the processing conditions for
the lithographic apparatus.

[0090] In either of the above-mentioned methods, the diffraction spectra in different
illumination modes are measured using the pupil image sensor 19, rather than the imaging
sensor 23. It has been recognized that machine-learning techniques, including for example

principle component analysis, could be applied in the measurement of asymmetry by
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diffraction based overlay. This could involve defining non-binary weighting patterns across
the detected diffraction spectrum, and so enhance sensitivity to desired parameters of interest,
like focus, dose and the like, or SWA and the like. However, in the known dark field
imaging methods, particularly those using overfilled small targets, the diffraction spectrum is
not directly measured or accessible for measurement, and such techniques are at first sight
ruled out.

[0091] The present inventors have recognized that by placing a spatial light modulator (SLM)
in the conjugate pupil plane with a non-binary attenuation pattern, the same principles as in
these methods can be applied to dark field imaging-based measurements, including those
using a small target. Using machine learning (training) of the SLM pattern by the method of
Figure 12, in conjunction with targets adapted to render focus variations into asymmetry of
side wall angle or the like, a selected parameter such as the focus can be measured directly
from smaller targets.

[0092] Referring to Figure 12, we see a method according to the fourth embodiment, which is
a modified version of the flowchart of Figure 6 and which may for example be performed
using the same apparatus as Figure 3. Differences from that process are as follows. Step SO,
calibrating the SLM to correct for differences in the optical system performance between
modes, can still be performed, if desired. In addition, however, new step SO’ is performed to
calibrate the apparatus with respect to one or more parameters of interest. As mentioned
already, these parameters might be such as focus, overlay, or critical dimension or side wall
angle.

[0093] The relationship between such parameters and the diffraction spectrum is highly
complex. Therefore it is not a trivial step to obtain an attenuation pattern that yields a direct
readout of focus, for example. However, machine learning techniques such as principal
component analysis (PCA) can be applied to a training set of structures & measurements,
whereby the optimum attenuation pattern can be evolved and stored for later use. The
gratings or other structures themselves, and/or certain processing steps, may be specifically
adapted to make the measurement sensitive to the particular parameter or property under
study. This training process is the basis of step SO’. It can be performed by providing a
training set of targets (on one or more substrates) and repeating the measurement steps S1-S4
or similar, to obtain many different diffraction images in the sensor method of Figure 6. The
training set includes targets varying in various parameters, including the parameter(s) of
interest, and whose properties (parameters) are known, either a priori or by other

measurement techniques. By selectively attenuating certain parts of the diffraction spectrum
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in the conjugate pupil plane represented by field stop 21 & SLM 24, the images on sensor 23
can be made more sensitive to variation of asymmetry in certain parameters (e.g. side wall
angle), and less sensitive to other parameters (e.g. layer thickness).

[0094] Having obtained an attenuation pattern for the specific parameter of interest, this
pattern is applied to pixel positions of the SLM 24 in steps S2a’ and S3a’, that also apply any
desired correction and/or field stop pattern specific to the illumination mode or imaging
modes described with respect to the previous embodiments. (Optionally, these different
functions may be assigned to separate SLMs placed in series, each with its own set-up being
performed in these steps. Note also that the attenuation can be applied in other conjugate
pupil planes, including at the illumination aperture 13.)

[0095] Once the pair of images have been obtained with the parameter-specific attenuation
pattern, a combined step S4°/S5’ is performed to calculate the difference image (as in step S4
of Figure 6) and directly obtain a value representing the desired parameter (SWA, focus etc.).
That is to say, the training process of step SO’ and application of the attenuation pattern by
SLM 24 in steps S2a’and S3a’ can be performed so that the difference observed between the
intensities of the -1 and +1 order images recorded using sensor 23 is substantially a direct
measure of the parameter of interest. The separate conversion via a non-linear calibration
function (step S5) is no longer needed, or is simplified.

[0096] Figure 13(a) illustrates a particular illumination mode that will be applied by aperture
13 in an example of the fourth embodiment to be described below. The other apertures can be
used, with suitable modification, and the Figure 13(a) pattern can be used in variations of the
first to third and fifth embodiments described herein. The specific mode of illumination
illustrated in Figure 13(a) is a symmetric, segmented illumination pattern of a type known
from our published patent application US 2010/201963 A1. Two diametrically opposite
quadrants, labeled a and b, are bright in this illumination pattern (transparent parts of aperture
13), while the other two quadrants are dark (opaque parts).

[0097] Figure 13(b) illustrates a diffraction pattern (spectrum) resulting from a simple target
grating G, when the illumination pattern provided by aperture has the bright quadrants
labeled a and b in Figure 13(a). In this spectrum, in addition to zero order reflections labeled
ap and by, there are -1 and +1 first order diffraction signals visible, labeled a_j, a,;, b.; and by;.
This diffraction pattern and the manner in which it can be exploited for scatterometry, are
described further in the published application US 2010/201963 Al. Briefly, we can note here
that, because other quadrants of the illumination aperture are dark, and more generally

because the illumination pattern has 180° rotational symmetry, the diffraction orders a_; and
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b, are “free”, meaning that they do not overlap with the zero order or higher order signals
from other parts of the illumination aperture. This property of the segmented illumination
pattern can be exploited to obtain clear first order signals from a diffraction grating having a
pitch which is half the minimum pitch that could be imaged if a conventional, circularly-
symmetric illumination aperture were used. The fact that the separate -1 and +1 diffraction
signals are present simultaneously at separate parts of the conjugate pupil plane means that
they can be selected using the field stop 21, 121 and/or SLM 24 124, 224, without changing

the illumination mode.

Example of direct feature extraction - Focus

[0098] In order for the potential and the application of the fourth embodiment to be better
understood, we now describe, by way of example, how a parameter such as focus can be
measured using on-product targets and using the SLM in the dark field imaging branch of a
scatterometer such as the instrument of Figure 3. As an example of a machine-learning
technique, Principle Component Analysis will be used. According to Wikipedia, “Principal
component analysis (PCA) is a mathematical procedure that uses an orthogonal
transformation to convert a set of observations of possibly correlated variables into a set of
values of uncorrelated variables called principal components. The number of principal
components is less than or equal to the number of original variables. This transformation is
defined in such a way that the first principal component has as high a variance as possible
(that is, accounts for as much of the variability in the data as possible), and each succeeding
component in turn has the highest variance possible under the constraint that it be orthogonal
to (uncorrelated with) the preceding components. Principal components are guaranteed to be
independent only if the data set is jointly normally distributed. PCA 1is sensitive to the relative
scaling of the original variables.” PCA implementation is supported in common mathematical
software products such as MATLAB and need not be discussed in detail here. In the well-
known MATLAB Statistics Toolbox, for example, the functions “princomp” and “wmspca”
give the principal components, while the function “pcares” gives the residuals and
reconstructed matrix for a low-rank PCA approximation.

[0099] Considering, as a first step, how one would apply PCA in scatterometry using the
pupil image sensor 19, we define a pupil coordinate v for cach pixel of the sensor image.
This co-ordinate corresponds effectively to the vector K in the description of the first

embodiment, above. In the pupil plane image, the i-th PCA component, denoted PC, , of the
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asymmetry A(B) at the pupil coordinate v is obtained by its projection on the i-th PCA
“eigenimage” denoted Ej, TM( ) (Here the subscript denotes whether illumination with TE

or TM input polarization is used; this subscript will be dropped in what follows, for

simplicity.) In equation form, the PCA components are obtained as follows:
pc, = [AW)E ) dv
-Gl Gla
= II*“’ (v)E’ (v dv - II‘“’ V)E (B)dE

where 1™ denotes the detected intensity of the +1 and -1 diffraction orders in the

pupil.
[00100] Figure 14 shows how the same principle is applied in the dark field imaging
branch in the method of Figure 12. Addressing pixels in SLM 24 by co-ordinates (u’, v’) to

address in accordance with the pupil co-ordinate v, we program SLM 24 in the intermediate
pupil-plane with an attenuation pattern that varies, pixel by pixel, in the manner shown. A
circle 1300 represents the extent of the pupil in the pupil plane, where SLM 24 is located. A
scale at the right hand side shows different transmission levels T, that can be set at individual
pixel positions 1302, 1304 in the SLM 24. Not all pixels are drawn individually, and blank
areas in the drawing represent pixels that are completely opaque (T=0). Thus SLM 24 in the
illustrated state is therefore completely opaque in three quadrants, with a non-binary
transmission (attenuation) pattern in the top left quadrant.

[00101] The pattern of amplitude transmission for 1% order dark-field detection may be

programmed for the i-th PCA component according to a function F’ (5), where:

Fi(l))=1/ci + Eiil)j
where ¢’ is a positive constant such that the argument under the square root is

positive. The function F' (5) is effectively a spatial filter function, and there is one

filter function for each measurement step (S2, S3 in Figure 12). Referring to Figure
14, it will be seen that the non-opaque pixels 1302, 1304 etc. are grouped in an area
1306 corresponding to the quadrant where the a-; portion of the diffraction spectrum
is located, based on the illumination mode and diffraction spectrum illustrated in
Figure 13. This particular non-binary transmission (attenuation) pattern establishes a

spatial filter function in the optical path leading to image sensor 23. The filter
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functions for +1 and -1 orders are related via point-symmetry in the pupil-plane
(ignoring any corrections included to correct for non-uniform optical path, as in the
earlier examples). Thus, while area 1306 represents a filter function for the -1 order,
the diametrically opposite area 1306’, illustrated in ghost form at 1306°, represents a
filter function for the b+1 portion of the diffraction spectrum. These different filter
functions can be programmed into SLM 24 for the steps S2 and S3, for measuring the

-1 and +1 diffraction orders separately.

[00102] The i-th PCA component in dark-field mode, denoted PC", is then
experimentally obtained by comparing two dark-field measurements, denoted DF,"™™ and

DF™  measured by image sensor 23 using these two complementary spatial filter functions.

In equation terms:

pc? = [ (), o) v [r=R)F, o) dv

:DF;+1SZ _ DFvi—lst
[00103] Note that the constant ¢’ drops out by taking the difference of the two

physical dark-field signals. As a result, by using the programmable SLM, we can obtain a
PCA filtered signal using the image sensor 23, just as we would using pupil sensor 19 and
processing the digitized pupil image. Per PCA component that needs to be acquired, two filter
functions have to be programmed on the SLM, and two dark-field image measurements have
to be carried out. By PCA based on a training set of targets, these filters may be ‘tuned’ to
deliver a value most sensitive to a parameter of interest, such as focus, and relatively
insensitive to process variations and other parameters. Several components may be measured
to obtain a better measure of one parameter, and/or to measure more than one parameter of
interest.

[00104] In summary, we can tune the scatterometer sensor to measure in any feature
space that we can create. For example, we can create a feature space such that the sensor
reacts in this new space linearly to the target parameter of interest (overlay, focus, dose etc).
Thus, inverting the model to estimate this parameter of interest is then trivial and the burden
of computation in the measurements is greatly reduced. Note that this idea is not limited to
linear basis sets, as implemented by PCA. one could also program the SLM using a non-
linear basis set, leading to different pupil-eigenimages onto which to project the original
signal. This non-linear basis can be determined from a Support Vector Machine or some

other machine-learning kernel method.
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[00105] In accordance with an embodiment of the present invention there is provided a
method of determining the focus of a lithographic apparatus using scatterometry spectra
produced from a periodic structure produced on a wafer by the lithographic apparatus. In an
embodiment of the invention, the grating is illuminated by a beam having two different beam
profiles in respective separate measurement steps, which in combination with a dark field
measurement technique in which the zero order diffraction order from the periodic structure
is blocked, enables the +1 and -1 order diffraction pattern to be measured in the two separate
measurement steps.

[00106] In modified versions of the fourth embodiment, the apparatus is modified to
use on-axis illumination, as in the embodiments of Figures 8 and 10 above, or part-annular
illumination as in the embodiments of Figures 3 to 7. The same principles of PCA and spatial
filtering just described can be applied in the SLM 124 or 224 as in the SLM 24. However, the
shapes of the filter functions in the SLM pixel array would be different, in accordance with
the different shape of the spectrum, as well as being different according to the parameter of

interest and the principle component or other analysis method.

Fifth Embodiment
[00107] Figure 15 illustrates a fifth embodiment of the invention. This is the same as
the third embodiment (Figure 10), except that SLM 224 which is of a transmissive type, has
been replaced by SLM 324 which is of a reflective type. That is to say, while the SLMs 24,
124 and 224 in the previous embodiments have attenuated radiation in the intermediate pupil
plane while transmitting that radiation in a straight line, SLM 324 comprises an array of
reflective pixel elements, which are controllable by unit PU to vary the intensity with which
each pixel is reflected. Because the beams in the region between lenses 20 and 22 in the
imaging branch of the scatterometer are parallel, a reflective element such as SLM 324 can be
included to change the direction of the beam, without distorting or mixing the diffraction
signals. As illustrated on the lower right hand side of Figure 14, the pattern applied to the
SLM to form apertures and correction values may need to be distorted (stretched), in

accordance with its oblique orientation in the beam.

Spatial Light Modulator Implementations
[00108] Various forms of SLM may be envisaged, and the ability to use the either
transmissive and/or reflective forms of SLM provides a variety of options for practical

embodiments, including not only the ones described above but also further optical path
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layouts and combinations. Transmissive types of SLM may be, for example, a well-known
liquid crystal device or a newer “electronic ink™ device of type described as a “variable filter”
in US 2006/245092A. Another published patent application, US 2006/109435A proposes to
use such as a cell as the patterning device in a lithographic apparatus. “Electronic ink”
devices are broadly to be understood as the type in which the distribution of two immiscible
fluids, or a mixture of fluids and solids, is controlled by electrical signals to vary the optical
performance of a cell in a pixel array. The two materials present in each cell are selected so
that they differ usefully in their optical properties. They may differ for example in their
opacity or reflectivity, or in their refractive index. The technologies described and applied in
those other patent applications can be adapted to serve as the SLM in an embodiment of the
present invention.

[00109] While liquid crystal devices are longer established and more widely available
for use as SLMs than electronic ink devices, LC devices generally affect the polarization of
the transmitted light. Therefore, if LC devices are used as SLM 24, 124 or 224 in
embodiments of the present invention, attention will need to be given to polarization
behavior, in order to avoid distortion of the measurement results being introduced by the
SLM.

[00110] With regard to reflective SLM 324, again, electronic ink technologies may be
useful, but also a very common and readily available form of reflective SLM is the
deformable mirror device (DMD) based on and array of micro-mirror devices. In such
devices, each pixel location is provided with one or more tiny mirrors which can be moved in
accordance with a pixel value. Depending on the orientation of each pixel mirror, radiation
arriving at that pixel position on SLM 324 will either be reflected along the ray paths
indicated, to the image sensor 23, or directed elsewhere, and effectively blocked. As
illustrated in Figure 12, SLM 324 is arranged to transmit one or other of the first orders using
the aperture pattern of 324N, 324S etc., while blocking the zero order diffraction signal,
which arrives along the optical axis. Again, the SLM 324 can be controlled to provide an
almost infinite variety of aperture patterns, so as to select the free first orders from the
diffraction signals from a variety of grating targets, under a variety of illumination angles.
[00111] For devices such as a DMD, each pixel generally performs as a binary

element, either reflecting radiation along the imaging path or not, according to the pixel
value. For the purposes of applying the correction factors f(u,v) and/or filter function F' (5)

across the intermediate pupil plane, such a device may be operated in one or more
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multiplexing modes to achieve a more finely variable attenuating level. Time multiplexing is
one method that can be used to do this. That is to say, a given pixel can be turned on and off
rapidly, with a duty cycle corresponding to the correction/filter factor desired. Where the
number of pixels in the micro-mirror array is significantly greater than the resolution of the
correction/filtering pattern, spatial averaging, for example by dithering, can be applied,
instead of or in addition to time modulation. For example, a group of four or eight pixels
might be controlled together to achieve a desired average correction factor/filter weighting
across their combined area.

[00112] In embodiments where the functions of field stop and correction/filtering are
both performed by SLMs, they may be performed by a single SLM, as illustrated by SLM
224 and 324, for example, or they may be performed by separate SLMs, each specialized to
its particular function. For example, an SLM which is designed to provide very fine control
of the attenuation, in accordance with a desired correction/filter factor, may have a
performance which is not so ideal to serve as a binary aperture device such as the field stop.
Alternative embodiments are therefore possible in which the functions of field stop and
correction/filtering are performed by separate SLMs, each designed for that purpose, and
arranged in a series in the optical path leading to image sensor 23. These two SLMs may be
both transmissive, both reflective, or one reflective and one transmissive. The principles of

the invention are not affected by such variations.

Conclusion:

[00113] The corrections taught by the first to third embodiments above enable
enhanced throughput of the dark field overlay measurement while maintaining the
correctness of the measured overlay value. This is achieved by correcting tool-induced
asymmetry, while using opposite illumination angles or imaging angles without any
substrate rotation. The use of small targets allows simultaneous readout of two or gratings at
different positions within the illumination spot. Coupled with other techniques to reduce
position-dependence of the measured overlay, described in a co-pending patent application
mentioned above, these measures allow accurate overlay measurements with a greatly
increased throughput.

[00114] Filter functions taught by the fourth embodiment enable enhanced selectivity
of the parameters of interest, and can be tuned to yield direct measurements of the parameter
of interest. With appropriate design of the target structures and patterning devices used to

produce them, parameters such as focus or dose may become directly measurable.
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[00115] While specific embodiments of the invention have been described above, it
will be appreciated that the invention may be practiced otherwise than as described.

[00116] The techniques described above can be performed to calibrate and then correct
the intensity measurements, according to the performance of the tool optical system in
different modes of illumination and/or imaging. If the measurement process uses different
wavelengths and/or polarizations of radiation, then calibration can be performed for these
separately. Similar considerations apply where the process is calibrated with filter function
for different parameters of interest.

[00117] While the inspection apparatus or tool illustrated in the embodiments
comprises a particular form of scatterometer having first and second branches for
simultaneous imaging of pupil plane and substrate plane by parallel image sensors,
alternative arrangements are possible. Rather than provide two branches permanently coupled
to objective lens 16 with beam splitter 17, the branches could be coupled selectively by a
movable optical element such as a mirror. The optical system could be made having a single
image sensor, the optical path to the sensor being is reconfigured by movable elements to
serve as a pupil plane image sensor and then a substrate plane image sensor.

[00118] While the target structures 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 structure’
as used herein do not require that the structure has been provided specifically for the
measurement being performed.

[00119] In association with the physical presence of a suitable SLM in the imaging
branch and suitable 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 a methods of producing targets on a substrate,
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
controller 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.

[00120] 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
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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.

[00121] 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.

[00122] 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.

[00123] 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.

[00124] 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

L. A method of measuring asymmetry in a periodic structure formed by a lithographic
process on a substrate, the method comprising the steps of: '

using the lithographic process to form a periodic structure on the substrate;

a first measurement step comprising forming and detecting a first image of the
periodic structure while illuminating the structure with a first beam of radiation, the first
image being formed using a first selected part of diffracted radiation;

a second measurement step comprising forming and detecting a second image of the
periodic structure while illuminating the structure with a second beam of radiation, the
second image being formed using a second selected part of the diffracted radiation which is

symmetrically opposite to the first part, in a diffraction spectrum of the periodic structure;

and
using a difference in intensity values derived from the detected first and second

images together to determine a property of the periodic structure,
wherein the optical system further comprises a spatial light modulator which is
controlled to apply a varying non-binary optical attenuation over said first and second

selected parts of the diffracted radiation prior to forming said first and second images

respectively.

2. A method as claimed in claim 1 wherein the first and second measurement steps are
performed without rotating the substrate using different optical paths within a measurement
optical system, and wherein said varying optical attenuation is configured to reduce an

influence on the determined property of the difference in optical paths between the first and

second measurement steps.

3. A method as claimed in claim 2, wherein a plurality of different patterns of varying
attenuation are defined and associated with different available optical paths, the method
comprising selecting automatically an attenuation pattern according to the optical path used
in each of said measurement steps and controlling the spatial light modulator to apply the

selected attenuation pattern to the diffracted radiation.

4. A method as claimed in claim 2 or 3, wherein said first and second measurement steps

are performed using respectively a first and a second illumination mode of the measurement

RECTIFIED SHEET (RULE 91) ISA/EP
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optical system such that said first and second beams of radiation are incident on the periodic
structure from symmetrically opposed angles relative to an optical axis of the measurement
optical system, without rotating the substrate relative to the measurement optical system, and
wherein at least first and second attenuation patterns are defined to compensate for

asymmetry between optical paths defining the first and second illumination modes.

5. A method as claimed in claim 2 or 3, wherein said first and second measurement steps
are performed using respectively a first and a second imaging mode of the measurement
optical system such that said first and second images are formed using portions of radiation
diffracted by the periodic structure to diametrically opposed angles relative to an optical axis
of the measurement optical system, without rotating the substrate relative to the measurement
optical system, the selected part of the diffracted radiation passing through different parts of

the spatial light modulator in the first and second imaging modes.

6. A method as claimed in any of claims 2 to S, further comprising a calibration step
wherein a pattern for attenuation is at least partially determined using the results of a plurality

of calibration measurements performed on a substrate which is measured at different rotations

through each of said optical paths.

7. A method as claimed in claim 6 wherein said calibration measurements are performed

using an image sensor which is located in a conjugate pupil plane of the optical system.

8. A method as claimed in claim 6 or 7, wherein said calibration measurements are
performed using a calibration target having a periodic structure larger than a field of view of

said measurement optical system.

9. A method as claimed in any preceding claim wherein said varying optical attenuation
implements a first and second filter functions for the respective measurement step, said filter

functions being calculated to enhance sensitivity of the calculated difference to a property of

interest.

9

10. A method as claimed in claim WJ, further comprising implementing a machine-

learning process to derive said filter functions from measurements of a training set of

structures.

RECTIFIED SHEET (RULE 91) ISA/EP
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11. A method as claimed in claim 10, wherein said machine-learning process comprises

principal component analysis.

12. A method as claimed in claim 10 or 11 wherein said lithographic process is performed
so that a certain asymmetry of profile of the periodic structure is made sensitive to a

particular performance parameter of the lithographic process.

13. A method as claimed in claim 12 wherein said lithographic process is an optical
lithography process and is performed so that asymmetry between side wall angles in said

periodic structure is sensitive to focus variation in said lithographic process.

14. A method as claimed in claim 12 or 13 wherein said filter functions are calculated
such that the calculated difference is related directly to said performance parameter of the

lithographic process, rather than a feature of the periodic structure itself.

15. A method as claimed in any preceding claim, wherein said periodic structure occupies
less than half the area of said field of view such that first or second images of a plurality of

periodic structures can be formed and detected imaged simultaneously.

16. A method as claimed in any preceding claim wherein a correction is applied to the
detected first and second images and/or to the measured asymmetry, based at least in part on

the position of the periodic structure within a field of view of the measurement optical

system.

17. A method as claimed in any preceding claim wherein said spatial light modulator is

used also in the selection of said first and second parts of the diffracted radiation.

18.  An inspection apparatus configured for measuring asymmetry in a periodic structure

on a substrate, the inspection apparatus comprising:
an illumination arrangement operable to deliver conditioned beams of radiation to the

substrate for use in measurement steps;
a detection arrangement operable during such measurement steps to form and detect

respective images of the substrate using radiation diffracted from the substrate the

RECTIFIED SHEET (RULE 91) ISA/EP
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illumination arrangement and the detection arrangement forming a measurement optical
system; and ‘

a stop arrangement within the detection arrangement,

wherein the illumination arrangement and stop arrangement together are operable to
select which part'of a diffraction spectrum of the diffracted radiation contributes to each
image,

and wherein the detection arrangement further comprises a spatial light modulator
operable to apply a varying optical attenuation over the selected part of the diffracted

radiation prior to forming said first and second images respectively.

19. An inspection apparatus as claimed in claim 18, further comprising:

a controller for controlling the apparatus to make first and second images of a periodic
structure on a substrate, the first image being formed in a first measurement step using a first
selected part of diffracted radiation, the second image being formed in a second measurement
step using a second selected part of the diffracted radiation which is symmetrically opposite
to the first part in the a diffraction spectrum of the periodic structure without rotating the
substrate; and

a computational arrangement arranged to use a difference in intensity values derived

from the detected first and second images together to determine an asymmetry-related

parameter.

20.  An inspection apparatus as claimed in claim 19, wherein the first and second
measurement steps are performed without rotating the substrate using different optical paths
within the measurement optical system, and the controller is further arranged to control said
spatial light modulator to reduce an influence on the determined asymmetry-related

parameter of the difference in optical paths between the first and second measurement steps.

2]. An inspection apparatus as claimed in claim 20, wherein said computational
arrangement is arranged to change an illumination mode of said illumination arrangement
between said first and second measurement steps, and to select the attenuation pattern applied

by said spatial light modulator in accordance with the selected illumination mode.

22. A lithographic system comprising:

a lithographic apparatus comprising:

RECTIFIED SHEET (RULE 91) ISA/EP
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an illumination optical system arranged to illuminate a pattern;

a projection optical system arranged to project an image of the pattern onto a
substrate; and
an inspection apparatus according to any of claims 18 to 21,

wherein the lithographic apparatus is arranged to use the measurement results

from the inspection apparatus in applying the pattern to further substrates.

23. A method of manufacturing devices wherein a device pattern is applied to a series of
substrates using a lithographic process, the method including inspecting at least one periodic
structure formed as part of or beside said device pattern on at least one of said substrates
using an inspection method as claimed in any of claims 1 to 17, and controlling the

lithographic process for later substrates in accordance with the result of the inspection

method.

RECTIFIED SHEET (RULE 91) ISA/EP
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