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METROLOGY SENSOR, ILLUMINATION SYSTEM AND METHOD OF GENERATING
MEASUREMENT ILLUMINATION WITH A CONFIGURABLE ILLUMINATION SPOT
DIAMETER

CROSSS-REFERENCE TO RELATED APPLICATION
[0001] This application claims priority of EP application 18214547.4 which was filed on December

20, 2018 and which is incorporated herein in its entirety by reference.

BACKGROUND

Field of the Invention

[0002] The present invention relates to methods and apparatus usable, for example, in the manufacture
of devices by lithographic techniques, and to methods of manufacturing devices using lithographic

techniques. The invention relates more particularly to metrology sensors.

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 a die, one die, 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. These target portions are commonly referred to as “fields”.

[0004] In the manufacture of complex devices, typically many lithographic patterning steps are
performed, thereby forming functional features in successive layers on the substrate. A critical
aspect of performance of the lithographic apparatus is therefore the ability to place the applied
pattern correctly and accurately in relation to features laid down (by the same apparatus or a
different lithographic apparatus) in previous layers. For this purpose, the substrate is provided with
one or more sets of alignment marks. Each mark is a structure whose position can be measured at a
later time using a position sensor, typically an optical position sensor. The lithographic apparatus
includes one or more alignment sensors by which positions of marks on a substrate can be measured
accurately. Different types of marks and different types of alignment sensors are known from
different manufacturers and different products of the same manufacturer.

[0005] In other applications, metrology sensors are used for measuring exposed structures on a
substrate (either in resist and/or after etch). A fast and non-invasive form of specialized inspection

tool is a scatterometer in which a beam of radiation is directed onto a target on the surface of the
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substrate and properties of the scattered or reflected beam are measured. Examples of known
scatterometers include angle-resolved scatterometers of the type described in US2006033921A1
and US2010201963A1. In addition to measurement of feature shapes by reconstruction, diffraction
based overlay can be measured using such apparatus, as described in published patent application
US2006066855A1. Diffraction-based overlay metrology using dark-field imaging of the diffraction
orders enables overlay measurements on smaller targets. Examples of dark field imaging metrology
can be found in international patent applications WO 2009/078708 and WO 2009/106279 which
documents are hereby incorporated by reference in their entirety. Further developments of the
technique have been described in published patent publications US20110027704A,
US20110043791A, US2011102753A1, US20120044470A, US20120123581A,
US20130258310A, US20130271740A and WO2013178422A1. These targets can be smaller than
the illumination spot and may be surrounded by product structures on a wafer. Multiple gratings
can be measured in one image, using a composite grating target. The contents of all these
applications are also incorporated herein by reference.

[0006] In some metrology applications, such as in some scatterometers or alignment sensors, it is often
desirable to be able to measure on increasingly smaller targets, while also maintaining compatibility
with present, or larger target sizes. During a measurement it is preferred to match measurement spot
size to the target, for example, so that neighboring structures do not interfere with or effect the

measurement. Improved methods for achieving this will be described.

SUMMARY OF THE INVENTION

[0007] The invention in a first aspect provides an illumination system for delivering incoherent
radiation to a metrology sensor system, said illumination system comprising: a spatial filter system
for selective spatial filtering of a beam of said incoherent radiation; and at least one optical guide
for guiding the spatially filtered beam of incoherent radiation to the metrology sensor system, the
at least one optical guide being such that the radiation guided has a substantially similar output
angle as input angle.

[0008] The invention in a second aspect provides a metrology sensor system comprising: a module
housing, containing metrology sensor system optics; and the illumination system of the first aspect
for spatially filtering and delivering incoherent input radiation to the module housing; wherein at
least said spatial filter system of the illumination system is comprised outside of the module
housing; and the metrology sensor system is operable to generate measurement illumination from
the incoherent input radiation, the illumination spot diameter of the measurement illumination being
dependent upon said selective spatial filtering by the spatial filter system.

[0009] The invention in a third aspect provides a metrology sensor system comprising: a module
housing, containing metrology sensor system optics including an objective lens; and the

illumination system of the first aspect for spatially filtering and delivering incoherent input radiation
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to the module housing; wherein at least said spatial filter system of the illumination system is
comprised outside of the module housing; and the metrology sensor system is operable to generate
measurement illumination from the incoherent input radiation, the illumination numerical aperture

of the objective lens being dependent upon said selective spatial filtering by the spatial filter system.

[0010] The invention also provides for a lithographic apparatus comprising a metrology sensor system

according to the second or third aspect of the invention.

[0011] The invention also provides for a method of generating measurement illumination with a

configurable illumination spot diameter, the method comprising: generating a beam of incoherent
input radiation; selectively spatially filtering said beam of incoherent radiation; guiding the spatially
filtered beam of incoherent radiation to within a module housing of a metrology sensor system
using an optical guide being configured such that the radiation guided has a substantially similar
output angle as input angle; and generating measurement illumination from the spatially filtered
beam of incoherent radiation, the illumination spot diameter of the measurement illumination being

dependent upon said selective spatial filtering performed outside of said module housing.

[0012] The above and other aspects of the invention will be understood from a consideration of the

examples described below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] Embodiments of the invention will now be described, by way of example only, with reference

to the accompanying drawings, in which:

Figure 1 depicts a lithographic apparatus;

Figure 2 illustrates schematically measurement and exposure processes in the apparatus
of Figure 1;

Figure 3 is a schematic illustration of an example metrology device adaptable according
to an embodiment of the invention;

Figure 4 comprises (a) a pupil image of input radiation (b) pupil image of off-axis
illumination beams illustrating an operational principle of the metrology device of Figure 3; and
(c) pupil image of off-axis illumination beams illustrating another operational principle of the
metrology device of Figure 3; and

Figure 5 illustrates schematically a spot size section arrangement in accordance with an
embodiment of the invention, according to (a) a first spot size setting, and (b) a second spot size

setting.

DETAILED DESCRIPTION OF EMBODIMENTS

[0014] 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.
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[0015] Figure 1 schematically depicts a lithographic apparatus LA. The apparatus includes an
illumination system (illuminator) II. 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

5 configured to accurately position the patterning device in accordance with certain parameters; two
substrate tables (e.g., a wafer table) WTa and WTb each constructed to hold a substrate (e.g., a
resist coated wafer) W and each 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

10 B by patterning device MA onto a target portion C (e.g., including one or more dies) of the substrate
W. A reference frame RF connects the various components, and serves as a reference for setting
and measuring positions of the patterning device and substrate and of features on them.

[0016] 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

15 combination thereof, for directing, shaping, or controlling radiation.

[0017] The patterning device support MT 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

20 to hold the patterning device. The patterning device support MT 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.

[0018] 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

25 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.

30 [0019] As here depicted, the apparatus is of a transmissive type (e.g., employing a transmissive
patterning device). 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).
Examples of patterning devices include masks, programmable mirror arrays, and programmable
LCD panels. Any use of the terms “reticle” or “mask” herein may be considered synonymous with

35 the more general term “patterning device.” The term “patterning device” can also be interpreted as
referring to a device storing in digital form pattern information for use in controlling such a

programmable patterning device.
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[0020] 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”.

[0021] 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.

[0022] In operation, the illuminator II. receives a radiation beam from a radiation source SO. The
source and the lithographic apparatus may be separate entities, for example when the source is an
excimer laser. In such cases, the source is not considered to form part of the lithographic apparatus
and the radiation beam is passed from the source SO to the illuminator IL with the aid of a beam
delivery system BD including, for example, suitable directing mirrors and/or a beam expander. In
other cases the source may be an integral part of the lithographic apparatus, for example when the
source is a mercury lamp. The source SO and the illuminator II., together with the beam delivery
system BD if required, may be referred to as a radiation system.

[0023] The illuminator II. may for example include an adjuster AD for adjusting the angular intensity
distribution of the radiation beam, 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.

[0024] The radiation beam B is incident on the patterning device MA, which is held on the patterning
device support 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 WTa or WTb 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.

[0025] 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
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(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 marks 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.

[0026] The depicted apparatus could be used in a variety of modes. In a 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 speed 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. Other types of lithographic apparatus and modes of operation are possible, as is well-
known in the art. For example, a step mode is known. In so-called “maskless” lithography, a
programmable patterning device is held stationary but with a changing pattern, and the substrate

table WT is moved or scanned.

[0027] Combinations and/or variations on the above described modes of use or entirely different modes

of use may also be employed.

[0028] Lithographic apparatus LA is of a so-called dual stage type which has two substrate tables WTa,

WTb and two stations — an exposure station EXP and a measurement station MEA — 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. This enables a substantial increase
in the throughput of the apparatus. The preparatory steps may include mapping the surface height
contours of the substrate using a level sensor LS and measuring the position of alignment markers
on the substrate using an alignment sensor AS. 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, relative to reference frame RF. Other arrangements are known and
usable instead of the dual-stage arrangement shown. For example, other lithographic apparatuses
are known in which a substrate table and a measurement table are provided. These are docked
together when performing preparatory measurements, and then undocked while the substrate table

undergoes exposure.

[0029] Figure 2 illustrates the steps to expose target portions (e.g. dies) on a substrate W in the dual

stage apparatus of Figure 1. On the left hand side within a dotted box are steps performed at a
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measurement station MEA, while the right hand side shows steps performed at the exposure station
EXP. From time to time, one of the substrate tables WTa, WTb will be at the exposure station,
while the other is at the measurement station, as described above. For the purposes of this
description, it is assumed that a substrate W has already been loaded into the exposure station. At
step 200, a new substrate W’ is loaded to the apparatus by a mechanism not shown. These two

substrates are processed in parallel in order to increase the throughput of the lithographic apparatus.

[0030] Referring initially to the newly-loaded substrate W’, this may be a previously unprocessed

substrate, prepared with a new photo resist for first time exposure in the apparatus. In general,
however, the lithography process described will be merely one step in a series of exposure and
processing steps, so that substrate W’ has been through this apparatus and/or other lithography
apparatuses, several times already, and may have subsequent processes to undergo as well.
Particularly for the problem of improving overlay performance, the task is to ensure that new
patterns are applied in exactly the correct position on a substrate that has already been subjected to
one or more cycles of patterning and processing. These processing steps progressively introduce
distortions in the substrate that must be measured and corrected for, to achieve satisfactory overlay

performance.

[0031] The previous and/or subsequent patterning step may be performed in other lithography

apparatuses, as just mentioned, and may even be performed in different types of lithography
apparatus. For example, some layers in the device manufacturing process which are very demanding
in parameters such as resolution and overlay may be performed in a more advanced lithography
tool than other layers that are less demanding. Therefore some layers may be exposed in an
immersion type lithography tool, while others are exposed in a ‘dry’ tool. Some layers may be
exposed in a tool working at DUV wavelengths, while others are exposed using EUV wavelength

radiation.

[0032] At 202, alignment measurements using the substrate marks P1 etc. and image sensors (not

shown) are used to measure and record alignment of the substrate relative to substrate table
WTa/WTb. In addition, several alignment marks across the substrate W’ will be measured using
alignment sensor AS. These measurements are used in one embodiment to establish a “wafer grid”,
which maps very accurately the distribution of marks across the substrate, including any distortion

relative to a nominal rectangular grid.

[0033] At step 204, a map of wafer height (Z) against X-Y position is measured also using the level

sensor LS. Conventionally, the height map is used only to achieve accurate focusing of the exposed

pattern. It may be used for other purposes in addition.

[0034] When substrate W’ was loaded, recipe data 206 were received, defining the exposures to be

performed, and also properties of the wafer and the patterns previously made and to be made upon
it. To these recipe data are added the measurements of wafer position, wafer grid and height map

that were made at 202, 204, so that a complete set of recipe and measurement data 208 can be passed
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to the exposure station EXP. The measurements of alignment data for example comprise X and Y
positions of alignment targets formed in a fixed or nominally fixed relationship to the product
patterns that are the product of the lithographic process. These alignment data, taken just before
exposure, are used to generate an alignment model with parameters that fit the model to the data.
5 These parameters and the alignment model will be used during the exposure operation to correct
positions of patterns applied in the current lithographic step. The model in use interpolates
positional deviations between the measured positions. A conventional alignment model might
comprise four, five or six parameters, together defining translation, rotation and scaling of the
‘ideal’” grid, in different dimensions. Advanced models are known that use more parameters.

10 [0035] At210, wafers W’ and W are swapped, so that the measured substrate W’ becomes the substrate
W entering the exposure station EXP. In the example apparatus of Figure 1, this swapping is
performed by exchanging the supports WTa and WTb within the apparatus, so that the substrates
W, W’ remain accurately clamped and positioned on those supports, to preserve relative alignment
between the substrate tables and substrates themselves. Accordingly, once the tables have been

15 swapped, determining the relative position between projection system PS and substrate table WTb
(formerly WTa) is all that is necessary to make use of the measurement information 202, 204 for
the substrate W (formerly W”) in control of the exposure steps. At step 212, reticle alignment is
performed using the mask alignment marks M1, M2. In steps 214, 216, 218, scanning motions and
radiation pulses are applied at successive target locations across the substrate W, in order to

20 complete the exposure of a number of patterns.

[0036] By using the alignment data and height map obtained at the measuring station in the
performance of the exposure steps, these patterns are accurately aligned with respect to the desired
locations, and, in particular, with respect to features previously laid down on the same substrate.
The exposed substrate, now labeled W” is unloaded from the apparatus at step 220, to undergo

25 etching or other processes, in accordance with the exposed pattern.

[0037] The skilled person will know that the above description is a simplified overview of a number
of very detailed steps involved in one example of a real manufacturing situation. For example rather
than measuring alignment in a single pass, often there will be separate phases of coarse and fine
measurement, using the same or different marks. The coarse and/or fine alignment measurement

30 steps can be performed before or after the height measurement, or interleaved.

[0038] A specific type of metrology sensor, which as both alignment and product/process monitoring
metrology applications has recently been recently disclosed. This describes a metrology device with
optimized coherence. More specifically, the metrology device is configured to produce a plurality
of spatially incoherent beams of measurement illumination, each of said beams (or both beams of

35 measurement pairs of said beams, each measurement pair corresponding to a measurement

direction) having corresponding regions within their cross-section for which the phase relationship
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between the beams at these regions is known; i.e., there is mutual spatial coherence for the

corresponding regions.

[0039] Such a metrology device is able to measure small pitch targets with acceptable (minimal)

interference artifacts (speckle) and will also be operable in a dark-field mode. Such a metrology
device may be used as a position or alignment sensor for measuring substrate position (e.g.,
measuring the position of a periodic structure or alignment mark with respect to a fixed reference
position). However, the metrology device is also usable for measurement of overlay (e.g.,
measurement of relative position of periodic structures in different layers, or even the same layer
in the case of stitching marks). The metrology device is also able to measure asymmetry in periodic
structures, and therefore could be used to measure any parameter which is based on a target
asymmetry measurement (e.g., overlay using diffraction based overlay (DBO) techniques or focus

using diffraction based focus (DBF) techniques).

[0040] Figure 3 shows a possible implementation of such a metrology device. The metrology device

essentially operates as a standard microscope with a novel illumination mode. The metrology device
300 comprises an optical module 305 comprising the main components of the device. An
illumination source 310 (which may be located outside the module 305 and optically coupled
thereto by a multimode fiber 315) provides a spatially incoherent radiation beam 320 to the optical
module 305. Optical components 317 deliver the spatially incoherent radiation beam 320 to a
coherent off-axis illumination generator 325. This component is of particular importance to the
concepts herein and will be described in greater detail. The coherent off-axis illumination generator
325 generates a plurality (e.g., four) off-axis beams 330 from the spatially incoherent radiation
beam 320. The characteristics of these off-axis beams 330 will be described in detail further below.
The zeroth order of the illumination generator may be blocked by an illumination zero order block
element 375. This zeroth order will only be present for some of the coherent off-axis illumination
generator examples described in this document (e.g., phase grating based illumination generators),
and therefore may be omitted when such zeroth order illumination is not generated. The off-axis
beams 330 are delivered (via optical components 335 and) a spot mirror 340 to an (e.g., high NA)
objective lens 345. The objective lens focusses the off-axis beams 330 onto a sample (e.g., periodic
structure/alignment mark) located on a substrate 350, where they scatter and diffract. The scattered
higher diffraction orders 355+, 355- (e.g., +1 and -1 orders respectively), propagate back via the
spot mirror 340, and are focused by optical component 360 onto a sensor or camera 365 where they
interfere to form an interference pattern. A processor 380 running suitable software can then process

the image(s) of the interference pattern captured by camera 365.

[0041] The zeroth order diffracted (specularly reflected) radiation is blocked at a suitable location in

the detection branch; e.g., by the spot mirror 340 and/or a separate detection zero-order block
element. It should be noted that there is a zeroth order reflection for each of the off-axis illumination

beams, i.e. in the current embodiment there are four of these zeroth order reflections in total. An
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10

example aperture profile suitable for blocking the four zeroth order reflections is shown in Figures
4(b) and (c), labelled 422. As such, the metrology device operated as a “dark field” metrology

device.

[0042] A main concept of the proposed metrology device is to induce spatial coherence in the

measurement illumination only where required. More specifically, spatial coherence is induced
between corresponding sets of pupil points in each of the off-axis beams 330. More specifically, a
set of pupil points comprises a corresponding single pupil point in each of the off-axis beams, the
set of pupil points being mutually spatially coherent, but where each pupil point is incoherent with
respect to all other pupil points in the same beam. By optimizing the coherence of the measurement
illumination in this manner, it becomes feasible to perform dark-field off-axis illumination on small

pitch targets, but with minimal speckle artifacts as each off-axis beam 330 is spatially incoherent.

[0043] Figure 4 shows three pupil images to illustrate the concept. Figure 4(a) shows a first pupil image

which relates to pupil plane P1 in Figure 2, and Figures 4(b) and 4(c) each show a second pupil
image which relates to pupil plane P2 in Figure 2. Figure 4(a) shows (in cross-section) the spatially
incoherent radiation beam 320, and Figures 4(b) and 4(c) show (in cross-section) the off-axis beams
330 generated by coherent off-axis illumination generator 325 in two different embodiments. In
each case, the extent of the outer circle 395 corresponds to the maximum detection NA of the

microscope objective; this may be, purely by way of an example 0.95 NA.

[0044] The triangles 400 in each of the pupils indicate a set of pupil points that are spatially coherent

with respect to each other. Similarly, the crosses 405 indicate another set of pupil points which are
spatially coherent with respect to each other. The triangles are spatially incoherent with respect to
crosses and all other pupil points corresponding to beam propagation. The general principle (in the
example shown in Figure 4(b)) is that each set of pupil points which are mutually spatially coherent
(each coherent set of points) have identical spacings within the illumination pupil P2 as all other
coherent sets of points. As such, in this embodiment, each coherent sets of points is a translation

within the pupil of all other coherent sets of points.

[0045] In Figure 4(b), the spacing between each pupil point of the first coherent set of points

represented by triangles 400 must be equal to the spacing between each pupil point of the coherent
set of points represented by crosses 405. ‘Spacing’ in this context is directional, i.e., the set of
crosses (second set of points) is not allowed to be rotated with respect to the set of triangles (first
set of points). As such, each of the off-axis beams 330 comprises by itself incoherent radiation;
however the off-axis beams 330 together comprise identical beams having corresponding sets of
points within their cross-section that have a known phase relationship (spatial coherence). It should
be noted that it is not necessary for the points of each set of points to be equally spaced (e.g., the
spacing between the four triangles 405 in this example is not required to be equal). As such, the off-

axis beams 330 do not have to be arranged symmetrically within the pupil.
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[0046] Figure 4(c) shows that this basic concept can be extended to providing for a mutual spatial
coherence between only the beams corresponding to a single measurement direction where beams
330X correspond to a first direction (X-direction) and beams 330Y correspond to a second direction
(Y-direction). In this example, the squares and plus signs each indicate a set of pupil points which

5 correspond to, but are not necessarily spatially coherent with, the sets of pupil points represented
by the triangles and crosses. However, the crosses are mutually spatially coherent, as are the plus
signs, and the crosses are a geometric translation in the pupil of the plus signs. As such, in Figure
4(c), the off-axis beams are only pair-wise coherent.

[0047] In this embodiment, the off-axis beams are considered separately by direction, e.g., X direction

10 330X and Y direction 330Y. The pair of beams 330X which generate the captured X direction
diffraction orders need only be coherent with one another (such that pair of points 400X are
mutually coherent, as are pair of points 405X). Similarly the pair of beams 330Y which generate
the captured Y direction diffraction orders need only be coherent with one another (such that pair
of points 400Y are mutually coherent, as are pair of points 405Y). However, there does not need to

15 be coherence between the pairs of points 400X and 400Y, nor between the pairs of points 405X and
405Y. As such there are pairs of coherent points comprised in the pairs of off-axis beams
corresponding to each considered measurement direction. As before, for each pair of beams
corresponding to a measurement direction, each pair of coherent points is a geometric translation
within the pupil of all the other coherent pairs of points.

20  [0048] In many metrology devices, it is often desirable to have a configurable spot size (i.e., diameter
of the measurement illumination spot on the substrate). In particular, this provides flexibility in
measuring different target sizes. When measuring a target, it is often preferable to “underfill” the
target with radiation, i.e., the illumination spot is smaller than the target, and (at least
approximately) centered on it. In this way, any influence on the measurement by adjacent structures

25 can be minimized. The metrology device described above, for example, is designed to be
compatible with many different target sizes and types. Similarly, the metrology devices described
in, for example, WO 2009/078708 and WO 2009/106279 (and the other documents mentioned in
the introduction) are also designed to measure on different target sizes.

[0049] A typical method for varying the illumination spot size would be to include a tunable element,

30 such as a spatial filter, within the optical module of the metrology system (e.g., at a suitable location
within optical module housing 305 of the device illustrated in Figure 3). This, however, is
undesirable for a number of reasons. In particular, there may be volume, thermal, vibrational and/or
other constraints, within the optical module which prevent this, or at least make it undesirable. In
particular, it is undesirable to place a movable / tunable filter inside the optical module due to the

35 corresponding vibrational and thermal impact of such a movable / tunable filter.
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[0050] As such, it is proposed that a tunable element, such as a spot size selector or spatial filter, is

implemented outside of the optical module housing of a suitable metrology device. In particular, a
suitable metrology device is any metrology device where:
e the illumination provided to the optical module is spatially incoherent,
¢ the illumination spot on the substrate is rotationally symmetric, and
e the light is transported to the optical module using a multimode fiber or other optical
guide for which the output angle (with respect to normal) of the output illumination
equals, or is at least substantially equal to, the input angle (with respect to normal) of
the input illumination for all input angles. In reality, such fibers (particularly when
bent) may slightly alter the angle with respect to normal, but not scramble it completely.
This slightly altered angle is a “substantially similar” angle within the context of the

claims.

[0051] It should be appreciated that, for a light ray incident on a multimode fiber at coordinate

(x,y,9,0), where x, y denote position, ¢ denotes azimuthal angle and 0 denotes the angle with respect
to the normal, then output angle 6., at the output is equal to input angle 0y, at the input (whereas x,
y and ¢ are scrambled). As a result the emerging output illumination from the multimode fiber will
comprise an output cone having a maximum output half-cone angle 8. equal to the maximum input
half-cone angle 6;, of the input cone. Note that this is true for some other types of optical guides
other than multimode fibers, and the concepts described herein are equally applicable to any such

optical guides.

[0052] Figure 5 is a simplified schematic drawing showing a detail of a proposed arrangement. Figures

5(a) and 5(b) each show the same apparatus, with different spot size settings. In Figure 5(a), the
spot size selector 515 is set for a relatively larger spot size (illumination spot diameter) d; on the
substrate 570, while in Figure 5(b), the spot size selector 515 is set for a relatively smaller spot

size (illumination spot diameter) d; on the substrate 570.

[0053] The proposed spot size selector 515, 515° is implemented outside of the optical module 535 of

a metrology device. The metrology device may be a position or alignment sensor for measuring
position of an alignment mark and/or a metrology device for measuring other process parameters
such as critical dimension, focus and overlay for example (e.g., using scatterometry techniques). In
the context of the example metrology device 300, the proposed spot size selector 515 arrangement

may be located between illumination source 310 and multimode fiber 315.

[0054] A substantially spatially incoherent radiation source 500 provides spatially incoherent radiation

505, which is made into a parallel beam by parallelizing optical element 510. The parallel beam
passes through the spot size selector 515 (e.g., a spatial filter), set in this example to allow the full
beam through (no blocked radiation); as such the spot size selector 515 is set for the maximum

illumination spot diameter. Focusing optical element 520 focuses the filtered radiation 517, such
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that the focused radiation 525 is incident on a multimode fiber 530 or other suitable waveguide

which preserves input angle (as described).

[0055] The multimode fiber 530 transports the (spatially filtered) radiation 540 to the optical model

535, where it is emitted in the form of a cone having the same output half-cone angle 0o as its
input half-cone angle 0w1. The radiation is transmitted through the optical system 545 and the
intervening metrology device optics 550 (which depend on the actual metrology device, the detail
of which is unimportant to the concepts described herein). Objective lens system 555, comprising
final lens 560, focusses the measurement illumination 565 onto the substrate 570 as a measurement
spot having an illumination spot diameter d,. It should be appreciated that, as the output half-cone
angle 0o from the multimode fiber 530 is the same as the input half-cone angle 0w, the
illumination spot diameter d; is determined by the input half-cone angle i and therefore the

diameter of the filtered radiation 517 determined by the spot size selector 515.

[0056] Figure 5(b) show the same apparatus, but where the spot size selector 515° (e.g., spatial filter)

is set for a smaller illumination spot diameter d». As such, the spot size selector 515 spatially filters
the spatially incoherent radiation 505. The filtered radiation 517 is focused into the multimode fiber
530 with an input half-cone angle 02, smaller than 8i:. As a result, the output half-cone angle Gou2
of radiation 540’ is smaller than output half-cone angle .. and therefore the illumination spot
diameter d; is smaller than the illumination spot diameter d;. Consequently, a spot size selector
implemented outside of optical module 535. In particular, a spot size selector is implemented which

has no associated moving parts inside of the optical module 535.

[0057] Note that the actual form of the spot size selector is not crucial and may differ from the spatial

filter type arrangement illustrated. The spot size selector may comprise individual apertures of
different sizes which can be swapped in and out of position (e.g., they may be separate filters, or
part of an aperture disc which can be rotated so that a selected aperture filters the radiation).
Alternatively, the filter may comprise a tunable filter having a tunable aperture size (e.g., an iris
type aperture). As such, the spot size selector may enable selection between two or more discrete

sizes, or may be continuously tunable in a size range.

[0058] It should be appreciated that a similar system to that described herein could be used for other

aperture sizing applications. For example, such a system may be used to tune the illumination NA
of a sensor or metrology device (e.g. the metrology device as illustrated in Figure 3), rather than
the spot size on the substrate. NA tuning would be useful in such a metrology device as tuning the
illumination NA has a large impact on (effectively) the spatial coherence length on the substrate,
which to a large extent determines the amount of cross-talk from surrounding structures. It is
desirable to maximize illumination NA, so as to minimize cross-talk from surrounding structures.
On the other hand, a large illumination NA makes it more likely to have zeroth order leakage around
the zeroth order (pupil) stop. That may negatively impact alignment performance. Therefore, the

optimal illumination NA may comprise a trade-off or compromise with respect to optimal alignment
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accuracy and reproducibility. This optimal NA may depend on stack properties, such as wafer
quality (~diffraction efficiency). A tunable NA would allow to set the optimal illumination NA for
each stack (or application).

[0059] Such a metrology device may implement tunable illumination NA by imaging the exit surface
of multimode fiber 530 onto the substrate 570, instead of onto the back-focal plane of the objective
lens 555. As such, it would require 1 more (or 1 less) lens inside the optical module 535 between
fiber exit and substrate.

[0060] While specific embodiments of the invention have been described above, it will be appreciated
that the invention may be practiced otherwise than as described.

[0061] Although specific reference may have been made above to the use of embodiments of the
invention in the context of optical lithography, it will be appreciated that the invention may be used
in other applications, for example imprint lithography, and where the context allows, is not limited
to optical lithography. In imprint lithography a topography in a patterning device defines the pattern
created on a substrate. The topography of the patterning device may be pressed into a layer of resist
supplied to the substrate whereupon the resist is cured by applying electromagnetic radiation, heat,
pressure or a combination thereof. The patterning device is moved out of the resist leaving a pattern
in it after the resist is cured.

[0062] 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 1-100 nm), as well as particle beams, such as ion beams or electron beams.

[0063] 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. Reflective components are likely to be used in an apparatus
operating in the UV and/or EUV ranges.

[0064] The breadth and scope of the present invention should not be limited by any of the above-
described exemplary embodiments, but should be defined only in accordance with the following

claims and their equivalents.
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CLAIMS

1. An illumination system for delivering incoherent radiation to a metrology sensor system, said
illumination system comprising:
a spatial filter system for selective spatial filtering of a beam of said incoherent radiation; and
at least one optical guide for guiding the spatially filtered beam of incoherent radiation to the
metrology sensor system, the at least one optical guide being such that the radiation guided has a

substantially similar output angle as input angle.

2. An illumination system as claimed in claim 1, wherein the spatial filter system comprises at

least one aperture having a selectable size to implement said selective spatial filtering.

3. An illumination system as claimed in claim 2, wherein said at least one aperture is

substantially circular having a selectable diameter.

4. An illumination system as claimed in claim 3, wherein the spatial filter system comprises a
plurality of said apertures having different sizes, said selective spatial filtering being implemented by

selection of one of said apertures to filter said beam of incoherent radiation.

5. An illumination system as claimed in claim 2 or 3, wherein the spatial filter system comprises

a single aperture having a configurable size to implement said selective spatial filtering.

6. An illumination system as claimed in any preceding claim, comprising a focusing optical
element for focusing the spatially filtered beam of incoherent radiation onto an input of the at least
one optical guide as an input cone having a first half-cone angle, such that the resulting output cone of

the guided radiation has said first half-cone angle.

7. An illumination system as claimed in any preceding claim, comprising a parallelizing optical
element to define a parallel beam of said spatially incoherent radiation, such that said spatial filter
system spatially filters said parallel beam of incoherent radiation to implement said selective spatial

filtering.

8. An illumination system as claimed in any preceding claim, comprising an illumination source

for generating the incoherent radiation.

9. An illumination system as claimed in any preceding claim, wherein the at least one optical

guide comprises a multimode fiber.
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10. A metrology sensor system comprising:

a module housing, containing metrology sensor system optics; and

the illumination system of any preceding claim for spatially filtering and delivering incoherent input
radiation to the module housing; wherein

at least said spatial filter system of the illumination system is comprised outside of the module
housing; and

the metrology sensor system is operable to generate measurement illumination from the incoherent
input radiation, the illumination spot diameter of the measurement illumination being dependent upon

said selective spatial filtering by the spatial filter system.

11. A metrology sensor system comprising:

a module housing, containing metrology sensor system optics including an objective lens; and

the illumination system of any of claims 1 to 9, for spatially filtering and delivering incoherent input
radiation to the module housing; wherein

at least said spatial filter system of the illumination system is comprised outside of the module
housing; and

the metrology sensor system is operable to generate measurement illumination from the incoherent
input radiation, the illumination numerical aperture of the objective lens being dependent upon said

selective spatial filtering by the spatial filter system.

12. A metrology sensor system as claimed in claim 10 or 11, wherein the metrology sensor
system is implemented as an alignment sensor system for measuring alignment within a lithographic

apparatus.

13. A metrology sensor system as claimed in claim 11 or 12, wherein the metrology sensor
system is implemented as a process monitoring sensor system for measuring one or more process

parameters of structures formed using a lithographic apparatus.

14. A lithographic apparatus comprising a metrology sensor system according to any one of

claims 11 to 13.

15. A method of generating measurement illumination with a configurable illumination spot
diameter, the method comprising:
generating a beam of incoherent input radiation;

selectively spatially filtering said beam of incoherent radiation;
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guiding the spatially filtered beam of incoherent radiation to within a module housing of a metrology
sensor system using an optical guide being configured such that the radiation guided has a
substantially similar output angle as input angle; and

generating measurement illumination from the spatially filtered beam of incoherent radiation, the
illumination spot diameter of the measurement illumination being dependent upon said selective

spatial filtering performed outside of said module housing.

16. A method as claimed in claim 15, wherein said spatial filtering is performed using at least one

aperture having a selectable size.

17. A method as claimed in claim 16, comprising selecting an aperture from a plurality of

apertures of different sizes to select and/or change said illumination spot diameter.

18. A method as claimed in claim 15, comprising configuring a size of a single aperture having a

configurable size to select and/or change said illumination spot diameter.

19. A method as claimed in any of claims 15 to 18, comprising focusing the spatially filtered
beam of incoherent radiation onto an input of the at least one optical guide as an input cone having a
first half-cone angle, such that the resulting output cone of the guided radiation has said first half-cone

angle.

20. A method as claimed in any of claims 15 to 19, comprising defining a parallel beam of said
spatially incoherent radiation, such that said spatial filtering is of said parallel beam of incoherent

radiation.
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