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@ A method of measuring a lithographic projection apparatus.

@ A method of measuring a lithographic projection apparatus is described. The method includes imaging a
verification mark of a patteming device onto a radiation-sensitive layer held by a substrate table of a
lithographic apparatus, wherein the verification mark includes at least a first, a second and a third
verification structure that have a mutually different sensitivity profile for a dose setting, a focus setting and
a contrast setling.
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A METHOD OF MEASURING A LITHOGRAPHIC PROJECTION APPARATUS

FIELD

[0001] The present invention relates to a method of measuring a lithographic projection
apparatus, a patterning device, a lithographic projection apparatus, a device manufacturing

method, and/or a device manufactured with the device manufacturing method.

BACKGROUND
[0002] Lithography is a process used to create features on the surface of substrates. Such

substrates can include those used in the manufacture of flat panel displays, circuit boards,
various integrated circuits, and the like. A frequently used substrate for such applications is a
semiconductor wafer. One skilled in the relevant art will recognize that the description herein
also applies to other types of substrates. In such a case, the patterning device may generate a
circuit pattern corresponding to an individual layer of the IC, and this pattern can be imaged
onto a target portion (e.g. comprising one or more dies) on a substrate (silicon wafer) that has
been coated with a layer of radiation-sensitive material (resist). In general, a single substrate will
contain a whole network of adjacent target portions that are successively irradiated via the
projection system, one at a time.

[0003] In current apparatus, employing, for example, patterning using a mask on a mask
table, a distinction can be made between two different types of machine. In one type of
lithographic projection apparatus, each target portion is irradiated by exposing the entire pattern
onto the target portion at once; such an apparatus is commonly referred to as a stepper. In a
further apparatus, commonly referred to as a step-and-scan apparatus, each target portion is
irradiated by progressively scanning the pattern with respect to the beam in a given reference
direction (the "scanning" direction) while synchronously scaﬁning the substrate table parallel or
anti-parallel to this direction. Since, in general, the projection system will have a magnification
factor M (with M <1) the speed V at which the substrate table is scanned will be a factor M
times that at which the mask table is scanned. More information with regard to lithographic
devices as here described can be gleaned, for example, from U.S. Pat. No. 6,046,792,
incorporated herein by reference.

[0004]) In a manufacturing process using a lithographic projection apparatus, a pattern
(e.g. from a mask) is imaged onto a substrate that is at least partially covered by a layer of

radiation-sensitive material (resist). Prior to this imaging step, the substrate may undergo various
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procedures, such as priming; resist coating and a soft bake. After exposure, the substrate may be
subjected to other procedures, such as a post-exposure bake (PEB), development, a hard bake
and measurement/inspection of the imaged features. This array of procedures is used as a basis
to pattern an individual layer of a device, e.g. an IC. Such a patterned layer may then undergo
various processes such as etching, ion-implantation (doping), metallization, oxidation, chemo-
mechanical polishing, etc., all intended to finish off an individual layer. If several layers are
required, then the whole procedure, or a variant thereof, will have to be repeated for each new
layer. Eventually, an array of devices will be present on the substrate (wafer). These devices are
then separated from one another by a technique such as dicing or sawing, whence the individual
devices can be mounted on a carrier, connected to pins, etc. Further information regarding such
processes can be obtained, for example, from the book "Microchip Fabrication: A Practical
Guide to Semiconductor Processing”, Third Edition, by Peter van Zant, McGraw Hill Publishing
Co., 1997, ISBN 0-07-067250-4, incorporated herein by reference.

[0005] For the sake of simplicity, the projection system may hereinafter be referred to as
the "projection lens”; however, this term should be broadly interpreted as encompassing various
types of projection system. Depending on the wavelength of the radiation used in the
lithographic apparatus, the projection system may include refractive optics, reflective optics, and
catadioptric systems, for example. The illumination and/or projection system may include
components operating according to any of these design types for directing, shaping or
controlling the beam of radiation, and such components may be referred to below, collectively
or singularly, as a "lens". The wavelength of the radiation used in the lithographic apparatus may
be in the UV range, e.g. 365 nm, the DUV range, e.g. 248 or 193 nm or in the EUV range, ¢.2.
13.5 nm. The position of a second element traversed by the beam relative to a first element
traversed by the beam will for simplicity hereinafter be referred to as "downstream" of or
“upstream" of the first element. In this context, the expression "downstream" indicates that a
displacement from the first element to the second element is a displacement along the direction
of propagation of the beam; similarly, "upstream” indicates that a displacement from the first
element to the second element is a displacement opposite to the direction of propagation of the
beam. Further, the lithographic apparatus may be of a type having two or more substrate tables
(and/or two or more patterning device tables). In such "multiple stage" devices 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 exposures. Dual stage lithographic apparatus
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are described, for example, in U.S. patent no. 5,969,441 and PCT patent application publication
no. WO 98/40791, incorporated herein by reference.

[0006] There is a desire, for example, to integrate an ever-increasing number of
electronic components in an IC. To realize this it is necessary to decrease the size of the
components and therefore to increase the resolution of the projection system, so that
increasingly smaller details, or line widths, can be projected on a target portion of the substrate.
As the critical dimension (CD), i.e. the dimension of a feature or features, such as the gate width
of a transistor, in which variations will cause undesirable variation in physical properties of the
feature, in lithography shrinks, consistency of focus, both across a substrate and between
substrates, becomes increasingly important. Traditionally, optimal settings were determined by
"send-ahead wafers” i.e. substrates that are exposed, developed and measured in advance of a
production run. In the send-ahead wafers, test structures were exposed in a so-called focus-
energy matrix (FEM) and the best focus and energy settings werc determined from examination
of those test structures.

[0007] U.S. patent application no. US 60/969,506 describes a method of measuring a
uniformity of focus of a lithographic projection apparatus. The method includes exposure of a
photoresist covered test substrate with a plurality of verification fields. Each of the verification
fields includes a plurality of verification marks, and the verification fields are exposed using a
certain focus offset FO. After developing, an alignment offset for each of the verification marks
is measured and translated into defocus data using a transposed focal curve.

[0008] The use of a verification method to monitor focus and energy settings was
disclosed in European patent application publication no. EP 1 256 849. The verification method
includes imaging a verification mark onto a radiation-sensitive layer. The verification mark
includes a grating and has at least a first part and a second part. The apparent imaged position of
the first part is predominantly sensitive to the focus setting and the apparent imaged position of
the second part is predominantly sensitive to the dose setting. The verification mark is first
calibrated by determining the sensitivity of its image for certain dose and focus settings. By
subsequently measuring the shifts in apparent position of the first and the second parts in the
lithographic apparatus, the relative focus setting and the relative dose setting can be determined,

so that the lithographic apparatus can be verified.

SUMMARY
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(0009] In addition to the focus setting and the dose setting, a pattern imaged at the
substrate may be influenced by a contrast setting. A change in contrast setting may result, for
example, from a relative movement of the aerial image with respect to the substrate during
exposure of the image, or from imperfections in the optical system. Until now it is believed that
there is no method to determine such a contrast setting. It would be desirable to have a
verification method that makes it possible to determine the individual contributions of contrast,
dose and focus setting.

[0010] According to an aspect of the invention, a method of measuring a lithographic
projection apparatus, the method including imaging a verification mark provided in a patterning
device onto a radiation-sensitive layer held by a substrate table of a lithographic apparatus,
wherein the verification mark includes at least a first, a second and a third verification structure
that have a mutually different sensitivity profile for a dose setting, a focus setting and a contrast
setting,

[0011] Sensitivity for a setting is understood to mean that a pattern present ina
verification structure forms an image that depends on the setting. For example, the verification
structure includes a pattern, having lines that are imaged with a thickness depending on the
setting. Accordingly the center of the lines of the image are shifted over a distance that depends
on the setting. Two verification structures have a different sensitivity profile if the relative
influence of the settings on the image of the verification structures is different. Even if none of
the verification structures is sensitive only to the contrast setting, the contrast setting can still be
determined by a comparison of the influences observed on the images of the at least three
verification structures.

[0012] The first, second and third verification structures make it possible to determine
the focus setting, the dose setting and the contrast setting from a geometrical parameter of the
images of the verification patterns of the parts, either directly, or from a function, €.g, a linear
combination, of those geometrical parameters.

[0013] A verification structure may include one or more verification patterns. A
verification pattern may include a combination of a solid line and a sub-patterned line arranged
along the solid line on a background. This pattern of solid line, sub-patterned line and
background may be repeated to form a grating. The solid line has a first continuous optical
property, the background has a second continuous optical property contrasting with the first
optical property, and the sub-patterned line has a sub-pattern with first areas and second areas

being distributed between each other, the first areas having the first optical property and the
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second areas having the second optical property. The optical property is, for example, the
reflectiveness or the transmissivity of the surface. If the verification method includes forming an
image by transmission through the verification mark the transmissivity is considered the first
optical property. If an image is formed by reflection at the verification mark the reflectivity is
considered the first optical property. Two surfaces have a “contrasting optical property” if one
thereof is substantially reflective and the other substantially is not, in that it substantially absorbs
and/or transmits the radiation. Two surfaces also have a “contrasting optical property” if one
thereof is substantially transmissive and the other surface substantially is not, e.g. substantially
absorbs and/or reflects the radiation,

[0014] The dimension of the patterns to be used is related to the critical dimension. The
critical dimension relates to the wavelength A and the numerical aperture NA of the optical

system as follows:

h

CD = k.A/NA, wherein k is a dimensionless facor in ihe range of 0.25—0.5.
In the context of an embodiment of the present invention, a dense sub-pattern includes features
having a width in the order of the CD, and has a pitch in the order of two to four times the CD.
Similarly, a sparse sub-pattern includes features of a width of the order of the CD, and has a
pitch in the order of four or more times the CD. |

[0015] The verification mark may, for example, have a first verification structure having
an image that is sensitive to a focus setting, a second verification structure having an image that
is sensitive to a focus setting, a contrast setting and a dose setting, and a third verification
structure having an image that is sensitive to a dose setting.

[0016] The third verification structure may include a densely sub-patterned verification
pattern. The image of a densely sub-patterned verification pattern, i.e. a pattern having a pitch in
the order of two to four times the CD, is only sensitive to the dose applied. The first sparsely
sub-patterned verification pattern is sensitive to each of the three parameters - dose, contrast
and focus. By measuring the shift A1, A2, A3 observed for the patterns in each of the verification
structures, the settings for dose, contrast and focus can be derived. The setting for the dose is
derived directly from the shift A3 observed for the pattern of the third verification structure. If
the first verification structure is merely focus sensitive, the focus setting is derived from the shift
Al of the verification structure and the contrast setting can be determined from a linear

combination of the shifts Al, A2, A3 of the patterns of the first, the second and the third

verification structures. If the first verification structure is also sensitive for other settings, the
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focus setting can be determined from a first linear combination of the observed shifts Al, A2, A3
and the contrast setting can be determined from a second linear combination thereof.

[0017] In an embodiment, the first verification structure includes at least a pair of
verification patterns, one of the verification patterns covered by an element to causc deviation
of an incident radiation beam, each of the verification patterns having the same focus setting.
According to this method, also known as a Level Verification Test (LVT), a change in focus
setting causes a shift of the images of this pair of patterns. The element to cause the deviation in
the radiation beam can be, for example, a prism. A phase shift method, such as PSFM, may be
used as an alternative to the LVT method to determine the focus setting.

[0018) Dependent on the type of a verification pattern, e.g. whether it is sub-patterned,
and in what manner, the measured position of its image on the radiation sensitive layer may
depend both on the applied radiation dose (and contrast) and on a difference in position of the
plane where the pattern is imaged with respect to the position of the focal plane for the pattern
and on the contrast. The radiation sensitive layer is, for example, a photographic emulsion, a
radiation sensitive surface of a substrate, or the surface of an electronic camera, ¢.g8. 2 CCD
device. In practice the measured position is a substantially monotonic function of the dose and
the contrast, and a parabolic function of the deviation of the difference in position.

[0019] In an embodiment, the first verification structure includes at least a first and a
second verification pattern having mutually different focus settings, and the third verification
structure has a focus setting centrally within the range of focus settings of the first and the
second verification patterns.

[0020] According to the verification method of an embodiment of the present invention,
a focus offset between the first and the second verification patterns is used to separate focus
effects on the one hand and dose effects and contrast effects on the other hand. A common mode
verification shift is caused by a dose variation and/or a contrast variation. The amount of
defocus is derived from the difference in shift between the patterns. If the substrate table is
displaced in an axial direction, the magnitude of one of the first and the second differences will
increase, while the other of the first and the second differences will decrease. Consequently the
difference in shift between the patterns is indicative for the deviation of the amount of focus
offset. This has an advantage that for obtaining an accurate focus measurement, the type of
pattern used is less important, as effects on the shift caused by other influences than the focus

setting are cancelled out.
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[0021] As discussed in European patent application publication no. EP 1256849,
dependent on the type of sub-pattern the verification pattern is more focus-sensitive or more
dose-sensitive, Accordingly, to determine the focus-offset, the first verification structure may
include at least a first and a second verification pattern with a sub-patterned line that includes a
hexagonal array of dots having the first optical property within an area having the second optical
property. The pitch D between dots may, for example, be in a range of 3A/NA to 12A/NA e.g.
and the dot diameter d may, for example, be in a range of 1A/NA to 4A/NA, wherein A is the
wavelength of the radiation used in the lithographic apparatus, and NA is the numerical aperture
of the projection optics. Accordingly for a wavelength in the EUV-range, of e.g. 13.5 nm and a
numerical aperture of 0.5, a favorable choice would be a pitch D of 167 nm and a dot diameter d
of 56 nm.

[0022] The dose sensitive pattern may include dots having a diameter in a range of 0.1-
0.5 A/NA, e.g. a diameter di of 12 nm for the abovementioned wavelength and numerical
aperture.

[0023] When the image of the verification pattern on the radiation-sensitive layer is
correctly focused, the dots having the first optical property will be imaged in the developed
resist and will result in a more pronounced area adjacent the area corresponding to the solid line
than would be the case for poorly focused dots, so that there will be an apparent shift in the
measured position of the developed verification mark. As the image of the verification-pattern
moves out of focus the effective diameter of the imaged spots will reduce. Thus the center of
gravity of the imaged verification pattern will shift so that a verification offset is observed. It
should be noted that the density of the focus-sensitive part must be kept below the threshold at
which iso-focal behavior occurs. Above that threshold and above certain energy, no focus-
sensitive behavior is observed. The density and energy at which iso-focal behavior is observed
can be calculated or determined experimentally.

[0024) In an embodiment, the sub-patterned line is sub-patterned as a plurality of sub-
lines that are arranged parallel with a solid line. In that case the sub-lines in the sub-patterned
line of the focus-sensitive verification pattern have a pitch D, in a range of 4*CD to 10*CD for
example, and the line width d may, for example, be in a range of 0.75*CD to 1.5*CD. For a
wavelength in the EUV-range, of e.g. 13.5 nm and a numerical aperture of 0.5, and a constant k
= (.35 the critical dimension is approximately 9 nm. Accordingly, a favorable choice would be a
pitch D of 54 nm and a line width d of 9 nm. The sensitivity for focus setting is improved with

decreasing line width. In an embodiment, the dose sensitive pattern may include lines arranged
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with a pitch of 2*CD to 4*CD , e.g. a pitch of 27 nm for the above mentioned wavelength and
numerical aperture.

[0025) According to an aspect of the invention the verification mark includes at least a
first verification structure with at least a first verification pattern, the verification structure being
imaged at mutually different focus settings.

10026] This may be realized in various ways. For example the first verification pattern of
the first verification structure may be imaged more than one time at a different focus setting.
Alternatively the first verification structure with the first verification pattern and the image plane
may be moved in a direction of the optical axis relative to each other, for example according to a
periodic, ¢.g. a sine function. In an embodiment, however, the first verification structure further
includes a second verification pattern that is imaged at a focus setting differing from that of the
first verification pattern.

[0027) A difference in focus setting between the first and the second verification pattern
can be realized in various ways. This combination of a first and a second verification pattern
having a mutually different focus-setting may also be used separately, if it is only desired to
determine the focus. Also this combination may be used to determine both focus and dose
setting, if the contrast setting is constant.

[0028] According to an embodiment, the projection system used for imaging is provided
with an astigmatic projection error wherein the difference is determined between the first and
the second verification patterns at the radiation-sensitive layer, i.e. the difference of shift in
position between the images of the first and the second verification patterns. Provided that the
astigmatic projection error has an axis that is aligned more with one of the verification patterns
than with the other one of the verification patterns there will be a difference in the location of
the focal planes for the first and the second verification patterns. Accordingly the verification
patterns will be imaged in a plane of a radiation sensitive layer with a different focus-offset.
From the apparent relative shift of the imaged patterns the focus setting at the plane of the
radiation sensitive layer can be determined. The method may, for example, be applied in a
projection system that has a firstand a second mirror with an astigmatic deviation, such that the
deviations of the mirrors mutually compensate each other during normal operation and reinforce
each other during the verification situation.

[0029] According to an embodiment, a length of an optical path from the first

verification pattern to the image of the first verification pattern at the radiation sensitive layer
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differs from a length of an optical path from the second verification pattern to the image of the
second verification pattern at the radiation sensitive layer.

[0030] A difference in optical path length may be introduced in an embodiment wherein
the first and the second verification patterns are arranged at a first and a second level in a
direction of an axis transverse to a plane of the verification mark. This has an advantage that a
single additional part suffices to provide the desired test image of the verification mark.

[0031] A difference in optical path length may be obtained in an embodiment by
imaging the first and the second verification patterns at the radiation-sensitive layer at a
respective first and second level in a direction transverse to a plane of the radiation sensitive
layer. A combination of these methods would be possible too, but this would be more
complicated.

[0032] In order to determine the dose, a patterning device according to an embodiment
of the invention may have the second verification structure include a third and a fourth
verification pattern, that are arranged at a first and a second level in a direction transverse to a
plane of the verification mark, and wherein the fourth verification pattern has an orientation with
respect to the third verification pattern that is rotated substantially 180 degrees around the axis.
Due to the fact that the fourth verification pattern is rotated by substantially 180 degrees, the
difference in shift in the observed location of the images of the third and the fourth verification
patterns is substantially determined by the dose and contrast setting and substantially
independent of the focus setting. One of the verification patterns of the first verification structure
may coincide with a verification pattern of the second verification structure. In an embodiment
the verification mark may have a first combination of verification patterns for determining the
focus setting, and a second combination of verification patterns for determining the dose setting.
In the embodiment the verification mark may have a row of three verification patterns, wherein
the middle one of these three verification patterns 1s arranged at a level different from the other
two, and wherein the middle one of the patterns is used with one of the other two patterns to
determine the focus setting, and is used with the other of the other two patterns to determine the
dose setting. To have an optimal sensitivity for the combination of dose and contrast setting a
verification mark may be used wherein the second verification structure has a third and a fourth
verification pattern, have a sub-patterned line having a surface gradually changing from the first
optical property at a side adjoining the solid line to the contrasting optical property at the
opposite side of the sub-patterned line. This may be achieved in that the sub-patterned line has a

sub-pattern of dots with the first optical property at a background of the second optical property,
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such that the density of the dots gradually decreases in a direction away from the solid line. The
size of the dots may be, for example, such as would image as dots of about %2 X on the radiation
sensitive layer, where the wavelength of the beam is 2 and the numerical aperture of the
projection system 1s 0.6.

[0033] In order to detect and determine contrast differences between imaged features
having mutually different directions the patterning device may further have an additional first
verification structure that includes an additional first and an additional second verification
pattern that are arranged at a third and a fourth level in a direction transverse to a plane of the
verification mark and that have an orientation with respect to the first verification pattern that is
rotated substantially 90 degrees around the axis.

[0034] For ease of manufacturing the third level desirably coincides with the first level
and the fourth level coincides with the second level.

[0035] According to a further aspect of the invention, a patterning device configured to
pattern a beam of radiation in a lithographic projection apparatus according to a desired pattern,
the patterning device including a verification mark, wherein the verification mark includes at
least a first, a second and a third verification structure that have a mutually different sensitivity
profile for a dose setting, a focus setting and a contrast setting. A patterning device including a
plurality of verification marks distributed over the patterning device, ¢.g. in a matrix

arrangement makes it possible to detect relative focus, dose and contrast settings over the plane

of the target portion.
[0036] According to a still further aspect a lithographic projection apparatus is provided
including:

a substrate table configured to hold a substrate;

a patterning device configured to pattern a beam of radiation according to a desired
pattern, the patterning device including a verification mark to be imaged onto a radiation-
sensitive layer held by the substrate table, wherein the verification mark includes at least a first,
a second and a third verification structure that have a mutually different sensitivity profile for a
dose setting, a focus setting and a contrast setting;

a projection system configured to image the patterned beam onto the radiation-sensitive
layer.

(0037} According to a still further aspect a device manufacturing method is provided
including:

using a patterning device to endow a beam of radiation with a pattern in its cross-section;
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projecting the patterned beam of radiation onto a substrate that is at least partially
covered by a layer of radiation-sensitive material using a lithographic apparatus; and
prior to the projecting, verifying the lithographic apparatus using any of the method

described above.

BRIEF DESCRIPTION OF THE DRAWINGS

[0038] These and other aspects are described in more detail with reference to the

drawing. Therein:

[0039] Figure 1 schematically shows a EUV based lithographic apparatus;

[0040) Figure 2 schematically shows a further lithographic apparatus to explain aspects
of an embodiment of the present invention;

[0041] Figure 3 shows a patterning device with verification marks;

[0042] Figure 3A schematically shows one of the verification matks;

[0043] Figure 4 shows an embodiment of a verification mark in more detail,

[0044] Figures 4A, 4B, 4C shows respective verification structures of the embodiment of

the verification mark of Figure 4 in still more detail;
[0045] Figure 5 shows an intensity profile of an aerial image of a verification structures

with a dense verification pattern under various circumstances;

[0046] Figure 6 shows a method of imaging a verification mark at a radiation sensitive
layer;

[0047] Figure 7A shows an embodiment of a verification mark in cross-section;

[0048] Figure 7B shows a top-view of the verification mark according to direction VIl in
Figure 7A;

[0049] Figure 7C shows detail of a first and a second verification structure of the

verification mark of Figures 7A and 7B;

[0050] Figure 7D shows a detail of a third verification structure of the verification mark
of Figures 7A and 7B;
[0051] Figure 8A shows a relation between a relative position of an image of a

verification structure and the setting of focus and dose;
[0052] Figure 8B shows the relation between a focal plane and an image plane;
[0053] Figure 8C schematically illustrates how the dose setting and the focus setting can

be obtained independently from the curve shown in Figure 8A;
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[0054] Figure 9 shows a linear part of a calibration curve obtained with a first

verification structure shown in Figure 7C;

[0055] Figure 10 shows a patterning device according to an embodiment of the
invention;

[0056] Figure 10B shows a verification mark within the patterning device;

[0057] Figure 10C shows a cross-section according to line C-C through Figure 10B;
[0058] Figure 10D schematically shows a first section in the mark of Figure 10B;
[0059] Figure 11A shows a method of imaging a verification mark at a radiation
sensitive layer;

[0060] Figure 11B shows a detail of the mark shown in Figure 11A;

[0061] Figure 12 shows imaging of a verification mark according to the method shown

in Figure 11A;

[0062] Figure 13 shows a method of imaging a verification mark at a radiation sensitive
layer;
[0063] Figure 14 shows the full curve for the measured offset for the verification mark

for a particular dose setting; and

[0064] Figure 15 shows the shift in offset if the focus setting is changed.
DETAILED DESCRIPTION
[0065] In the following detailed description numerous specific details are set forth in

order to provide a thorough understanding of the present invention. However, it will be
understood by one skilled in the art that the present invention may be practiced without these
specific details. In other instances, well known methods, procedures, and components have not
been described in detail so as not to obscure aspects of the present invention. The invention is
described more fully hereinafter with reference to the accompanying drawings, in which
embodiments of the invention are shown. This invention may, however, be embodied in many
different forms and should not be construed as limited to the embodiments set forth herein.
Rather, these embodiments are provided so that this disclosure will be thorough and complete,
and will fully convey the scope of the invention to those skilled in the art. In the drawings, the
size and relative sizes of layers and regions may be exaggerated for clarity. Embodiments of the
invention are described herein with reference to cross-section illustrations that are schematic
illustrations of idealized embodiments (and intermediate structures) of the invention. As such,

variations from the shapes of the illustrations as a result, for example, of manufacturing
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techniques and/or tolerances, are to be expected. Thus, embodiments of the invention should not
be construed as limited to the particular shapes of regions illustrated herein but are to include
deviations in shapes that result, for example, from manufacturing.

[0066] Thus, the regions illustrated in the figures are schematic in nature and their
shapes are not intended to illustrate the actual shape of a region of a device and are not intended
to limit the scope of the invention.

[0067] It will be understood that when a layer is referred to as being "on" a layer, it can
be directly on the other layer or intervening layers may be present. In contrast, when an element
is referred to as being "directly on" another layer, there are no intervening layers present. Like
numbers refer to like elements throughout. As used herein, the term "and/or" includes any and
all combinations of one or more of the associated listed items.

[0068] It will be understood that, although the terms first, second, third etc. may be used
herein to describe various elements, components, regions, layers and/or sections, these elements,
components, regions, layers and/or sections should not be limited by these terms. These terms
are only used to distinguish one element, component, region, layer or section from another
region, layer or section. Thus, a first element, component, region, layer or section discussed
below could be termed a second element, component, region, layer or section without departing
from the teachings of the present invention.

[0069] Spatially relative terms, such as "beneath", "below", "lower", "above", "upper”
and the like, may be used herein for ease of description to describe one element or feature's
relationship to another element(s) or feature(s) as illustrated in the figures. It will be understood
that the spatially relative terms are intended to encompass different orientations of the device in
use or operation in addition to the orientation depicted in the figures. For example, if the device
in the figures is turned over, elements described as "below” or "beneath” other elements or
features would then be oriented "above" the other elements or features. Thus, the exemplary
term "below" can encompass both an orientation of above and below. The device may be
otherwise oriented (rotated 90 degrees or at other orientations) and the spatially relative
descriptors used herein interpreted accordingly.

[0070] Unless otherwise defined, all terms (including technical and scientific terms) used
herein have the same meaning as commonly understood by one of ordinary skill in the art to
which this invention belongs. It will be further understood that terms, such as those defined in

commonly used dictionaries, should be interpreted as having a meaning that is consistent with
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their meaning in the context of the relevant art and will not be interpreted in an idealized or
overly formal sense unless expressly so defined herein.
[0071] Figure 1 illustrates a portion of a EUV photolithographic apparatus, which
includes a radiation system to provide a beam of radiation from a EUV source (not shown in
Figure 1). The system also includes image optics (including mirrors M4 and M3), a pupil, a
patterning device MA in the form of a reticle mounted on a reticle stage (not shown) with an
image of a pattern to be imaged onto a substrate that is arranged on a substrate table WT, and
projection optics PO including mirrors M1 and Mé. The EUV radiation is then projected onto a
substrate to be mounted on the substrate table WT. It will be appreciated that the patterning
device MA is reflective in an EUV apparatus, unlike photolithographic apparatus operating at
longer wavelengths, such as deep ultraviolet, or visible, where the patterning device MA is
usually, but not always, transmissive.
[0072] As further shown in Figure 1, in an embodiment of the present invention, a
module having a radiation sensitive surface 150, e.g. a sensor or a substrate with a resist layer is
placed on or is part of the substrate table WT, and the patterning device MA is provided with a
verification mark 100 to measure the focus setting and/or the dose setting and/or the contrast
setting.
[0073] Figure 2 schematically depicts an example of another lithographic projection
apparatus which may be used in conjunction with an embodiment of the invention. The
apparatus includes:
- an illumination system (illuminator) IL configured to condition a radiation beam B (e.g.
UV radiation or EUV radiation);

a support structure (e.g. a mask table) MT constructed to support a patterning device (e.g.
a mask) MA and connected to a first positioner PM configured to accurately position the
patterning device in accordance with certain parameters;,
- a substrate table (¢.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.
[0074] The illuminator IL receives a radiation beam from a radiation source SO. The
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an excimer laser. In such cases, the source is not considered to form part of the lithographic
apparatus and the radiation beam is passed from the source SO to the illuminator IL with the aid
of a beam delivery system BD including, for example, suitable directing mirrors and/or a beam
expander. In other cases the source may be an integral part of the lithographic apparatus, for
example when the source is a mercury lamp. The source SO and the illuminator IL, together
with the beam delivery system BD if required, may be referred to as a radiation system.

[0075] The illuminator IL may include an adjuster AD to adjust the angular intensity
distribution of the radiation beam. Generally, at least the outer and/or inner radial extent
(commonly referred to as g-outer and o-inner, respectively) of the intensity distribution in a
pupil plane of the illuminator can be adjusted. In addition, the illuminator 1L may include
various other components, such as an integrator IN and a condenser CO. The illuminator IL may
be used to condition the radiation beam, to have a desired uniformity and intensity distribution
in its cross-section.

[0076] The radiation beam B is incident on the patterning device (e.g., mask) MA, which
is held on the support structure (e.g., mask table) MT, and is patterned by the patterning device.
Having traversed the patterning device MA, the radiation beam B passes through the projection
system PS, which focuses the beam onto a target portion C of the substrate W. With the aid of
the second positioner PW and position sensor IF (e.g., an interferometric device, linear encoder
or capacitive sensor), the substrate table WT can be moved accurately, €.g., so as to position
different target portions C in the path of the radiation beam B. Similarly, the first positioner PM
and another position sensor (which is not explicitly depicted in Figure 1) can be used to
accurately position the patterning device MA with respect to the path of the radiation beam B,
e.g., after mechanical retrieval from a mask library, or duringa scan. In general, movement of
the patterning device 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 table MT may be connected to a short-stroke
actuator only, or may be fixed. Patterning device MA and substrate W may be aligned using
patterning device alignment marks M1, M2 and substrate alignment marks P1, P2. Although the
substrate alignment marks as illustrated occupy dedicated target portions, they may be located in

spaces between target portions (these are known as scribe-lane alignment marks). Similarly, in



10

15

20

25

30

16

situations in which more than one die is provided on the patterning device MA, the patterning
device alignment marks may be located between the dies.

[0077] The depicted apparatus could be used in at least one of the following modes:
[0078] 1. In step mode, the patterning device 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.

[0079] 2. In scan mode, the patterning device 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 table MT may be determined by the (de-
ymagnification 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.

[0080] 3. In another mode, the patterning device 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.

{0081} Combinations and/or variations on the above described modes of use or entirely
different modes of use may also be employed.

(0082] The settings of focus and dose of radiation have a significant influence on the
pattern that is formed in the radiation sensitive layer of the substrate. Likewise, the contrast of
the image formed at the radiation sensitive layer may influence the pattern that is formed. This
influence is in particular important for a lithographic apparatus that operates in the scan mode.

In that case the contrast is dependent on the curvature of the surface of the substrate.
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{0083] Likewise, for the purpose of verification the patterning device MA may be
provided with one or more verification marks 100.

[0084] In the embodiment shown in Figure 3, the patterning device MA has a plurality of
verification marks 1 that are regularly arranged in a rectangular grid.

[0085] Figure 3A shows one verification mark 1 in more detail. The verification mark 1
includes at least a first, a second and a third verification structure 10, 20, 30 that have a mutually
different sensitivity profile for a dose setting, a focus sctting and a contrast setting. In an
embodiment each of the verification structures 10, 20, 30 can be sensitive to each of these
settings, but relatively to a different extent. By observation of a shift of each of the verification
structures 10, 20, 30, and a comparison of the observed shifts, the relative contributions of focus,
dose and contrast can be derived.

[0086] Figure 4 shows an embodiment of a verification mark 100 in cross-section in
more detail.

[0087] The verification mark 100 includes at least a first, a second and a third
verification structure 110, 120, 130 respectively, that have a mutually different sensitivity profile
for a dose setting, a focus setting and a contrast setting. In the embodiment shown the first
verification structure 110 includes at least a pair of verification patterns 111a, 11 ib. The
verification patterns are shown in more detail in Figure 4A. The pattern as shown in Figure 4A
is a line having a width substantially larger, e.g. at least 10 times larger than the wavelength of
the radiation used. For example for a wavelength of 13.5 nm, the line may have a width of 150
nm. The pattern shown may be repeated with a distance between the lines for example in the
same order of magnitude as the thickness of the lines, or larger. The line(s) are desirably not
sub-patterned. One of the verification patterns, here 111a, is covered by an element 112, e.g. a
prism or a phase shift mask to cause a deviation of an incident radiation beam.

[0088] The image of the first verification structure 1 10 on the radiation sensitive surface
150 is substantially only sensitive to a focus-setting. A test using this structure is known as such
as a Level Verification Test (LVT). _

[0089] In the embodiment shown, the second verification structure 120 includes a
sparsely sub-patterned line 121, as is shown in more detail in Figure 4B. The line 121, hasa
width substantially larger, e.g. more than 20 times the wavelength of the radiation, e.g. 7.2 pm.
The line 121 is sparsely sub-patterned, in that it is partitioned in sub-lines having a pitch D, ina
range of 4*CD to 10*CD. The width d may for example, be in a range of of 0.75*CD to

1.5*CD. For a wavelength in the EUV-range, of e.g. 13.5 nm, a numerical aperture of 0.5, and a
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constant k = 0.35, the critical dimension is approximately 9 nm. Accordingly, a favorable choice
would be a pitch D of 54 nm and a line width d of 9 nm. The second verification structure 120
further includes a solid reference line 122 having a width substantially larger than the
wavelength of the radiation used, €.g. 5.8 um. The pattern formed by sub-pattered line 121 and
solid line 122 may be repeated, e.g. with a period of 17 - 25 pm. This second verification
structure 120 is sensitive for each of the focus, dose and contrast settings.

10090] In an embodiment, the sub-patterned line is sub-patterned as a plurality of sub-
lines that are arranged parallel with the solid line. In that case the sub-lines in the sub-patterned
line of the focus-sensitive verification pattern have a pitch D, in a range of 4*CD to 10*CD for
example 150 nm, and the line width d may, for example, be in a range of 0.75*CD to 1.5*CD.
For a wavelength in the EUV-range, of e.g. 13.5nm, a numerical aperture of 0.5, and a constant
k = 0.35, the critical dimension is approximately 9 nm. Accordingly, a favorable choice would
be a pitch D of 54 nm and a line width d of 9 nm. The sensitivity for focus setting is improved
with decreasing line width. In an embodiment, the dose sensitive pattern may include lines
arranged with a pitch of 2*CD to 4*CD, e.g. a pitch of 27 nm for the above mentioned
wavelength and numerical aperture.

[0091] The third verification structure 130 includes a densely chopped line 131 as is
shown in Figure 4C. The verification structure 130 further includes a solid reference line 132.
The line 131 is densely chopped in that it is composed of sub-lines arranged with a pitch of
2*CD to 4*CD, e.g. a pitch of 27 nm for the above mentioned wavelength and numerical
aperture.

[0092] In the embodiment shown the solid line 132 has a width of 5.8 um, the densely
chopped line 131 has a width of 7.2 um. The sub-lines of the chopped line 131 have a width, for
example, in the range of 0.2 — 0.4 um. This pattern of solid line, sub-patterned line and
background may be repeated to form a grating. The solid line 132 has a first continuous optical
property in that it is fully reflective, the background between the solid and the chopped lines
132, 131 has a second continuous optical property contrasting with the first optical property in
that it absorbs all radiation, and the chopped line 131 has a sub-pattern with first areas, the sub-
lines and second areas (the remaining arca between the sub-lines) being distributed between
cach other. The first areas, the sub-lines have the first optical property, hence they are also
reflective and the second areas have the second optical property, they absorb the radiation.
{0093] Figure 5 shows the aerial image intensity for the densely chopped line pattern.

The striped curve a shows the image formed at the optimal dose, contrast and focus setting. The
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dashed curve b shows the aerial image intensity in case of an out of focus setting or a degraded
contrast. It can be seen that this has no consequences for the critical dimension CD for this
pattern. In both cases the critical dimension has a value CDO. As is shown by curve ¢ in Figure
5, the third verification structure 130 is substantially only sensitive to the dose setting.
[0094) Accordingly the first, second and the third verification structures 110, 120, 130
have a different sensitivity profile, in that the first verification structure 110 is substantially only
sensitive to the focus setting, the second verification structurel 20 is sensitive to each of the dose
setting, the focus setting and the contrast setting, and the third verification structure130 is
substantially only sensitive to the dose setting. By a computation on the basis of the observed
shifts for the three structures, the contrast setting can be computed. The computation is relatively
simple, in that the two of the structures are only sensitive for only a respective one of the
settings.
[0095] In the previous embodiment a first verification structure 110 is used that is known
as such in the LVT method. Figure 6 schematically illustrates a new and inventive method of
measuring a focus setting in a lithographic projection apparatus. For the purpose of describing
this method the lithographic projection apparatus is shown here as a transmissive system. It will
be clear to the skilled person that an embodiment of the invention is equally applicable to a
reflective system as used for EUV applications.
{0096] The lithographic projection apparatus includes:

a radiation system IL for providing a beam of radiation;

a support structure MT for supporting patterning device MA, the patterning device
serving to pattern the beam according to a desired pattern,

a substrate table WT for holding a substrate; and

a projection system PO for imaging the patterned beam onto a target portion of the
substrate.
[0097] The method includes imaging a verification mark 200 provided in the patterning
device MA onto a radiation-sensitive layer 250 held by the substrate table WT. The verification
mark 200 is arranged in a plane transverse to an axis XO, and the first verification structure has
at least a first and a second verification pattern that have a mutually different focus setting, The
projection system PO has a respective first and second focal plane f1, {2 for these patterns. The
first and second verification patterns are imaged at a respective first and second image plane
iml, im2 at the radiation-sensitive layer 250. In the embodiment shown the first and the second

image plane coincide. A difference d1 between the first focal plane and the first image plane
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deviates in magnitude and/or sign from a difference d2 between the second focal plane and the
second image plane. For clarification, this difference is strongly exaggerated in the drawing. In
practice the height level may correspond to approximately half to 2/3 of the width of the
verification offset focus sensitivity curve. This is in a region where the verification offset focus
sentitivity curve is at half its height, where the curve is substantially linear. This depends on the
depth of focus (DOF). Ina practical example the height difference is, for example, a few pm,
e.g. 3 pm on the patterning device level. This corresponds in this embodiment to a height
difference of 150 nm at substrate level.

[0098] This method for determining focus can be used independently. The method is
favorable in that the ratio between the relative shift measured between the verification patterns
of the first verification structure and the shift in focus-setting is relatively high. Figures 7A-7C
illustrates how a first verification structure 310 according to this method can be used in
combination with a second and third venfication structure 320, 330 to determine a contrast
setting. In Figures 7A-7C, parts corresponding to those in Figure 4 have a reference number that
is 200 higher.

{0099] Figure 7A shows, in cross-section, a part of patterning device according to an
embodiment having a verification mark 300 with a first verification structure 310, a second
verification structure 320 and a third verification structure 330. Figure 7B shows a top-view of
the part of the patterning device according to direction VII in Figure 7A. In Figure 7B, it can be
seen that the first verification structure 310 includes a first and a second verification pattern 313,
314 that are arranged at mutually different levels Iv1, 1v2 respectively, in a direction 305
transverse to a plane of the verification mark. The third verification structure 330 is arranged at a
level 1v3, between the levels of the first and the second verification pattern 313, 314.
Accordingly when the verification mark 300 is imaged at a radiation sensitive layer, a length of
an optical path from the first verification pattern 313 of the first verification structure 310 to the
image of that verification pattern at the radiation sensitive layer differs from a length of an
optical path from the second verification pattern 314 of the first verification structure to the
image of the second verification pattern at the radiation sensitive layer 250. Hence, the first and
the second verification patterns 313, 314 have mutually different focus settings, while the third
verification structure 330 has a focus setting centrally within the range of focus settings of the
first and the second verification patterns 313, 314.

[00100] Likewise the second verification structure 320 has a third and a fourth

verification pattern 323, 334 that are arranged at a different levels Iv1, lv2 respectively.
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[00101] Figure 7C shows a detail of the first, the second, the third and the fourth
verification patterns 313, 314, 323, 324.

[00102] As can be seen in Figure 7C, the first verification pattern 313 includes sparsely
chopped lines 313A in combination with solid lines 313B. In the embodiment shown each
sparsely chopped line 313A has a width of 7.2 pm, and is chopped into sub-lines having a width
of 9 nm with a pitch of 150 nm. The solid lines 313B have a width of 5.8 um. The pattern of
sparsely chopped line 313A and solid line 313B is repeated with a pitch of 17.5 pm, so that
transparent lines having a width of 4.5 pm are formed therebetween.

[00103] Likewise, the second verification pattern 314 includes sparsely chopped lines
314A in combination with solid lines 314B, the third verification pattern 323 includes sparsely
chopped lines 323A in combination with solid lines 323B, and the fourth verification pattern 324
includes sparsely chopped lines 324A in combination with solid lines 324B.

{00104] As schematicaily shown in Figure 7D, the third verification structure 330
includes a densely chopped line 331 next to a solid line 332. In the embodiment shown the solid
line 332 has a width of 5.8 um and the densely chopped line 331 has a width of 7.2 um. The
densely chopped line is chopped into sub-lines having a width for example in the range of 8-12
nm and having a pitch 18-36 nm. A plurality of such verification marks 300 may be arranged in
a matrix at a patterning device as is shown schematically in Figure 3 for example.

[00105] The method of verifying the lithographic apparatus shown in Figure 6, with a
patterning device MA having a verification mark 300 as described with reference to Figures 7A-
7D is now discussed in more detail.

[00106] When the image of the first verification pattern 313 is correctly focused on the
radiation sensitive layer, the sub-lines of the chopped line 313A will be imaged in the developed
resist and will result in a more pronounced area adjacent the image of the printed solid line 313B
than would be the case for poorly focused sub-lines, so that there will be an apparent shift in the
measured position of the developed verification pattern 313. As the image of the verification
pattern 313 moves out of focus, the effective width of the imaged sub-lines will reduce. Thus the
center of gravity of the imaged verification pattern 313 will shift so that a verification offset is
observed. The same applies to the verification pattern 314. Figure 8A shows the effect of the
dose (d1<d2<d3) and the focus setting (A) on the detected shift S of the verification pattern 313.
An increase in contrast has the same effect as an increase in the dose. As can be seen therein the

measured position S is a substantially monotonic increasing function of the dose. The position S
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is further a substantially parabolic function of the focus setting A, being the difference between
the level of the focal plane and the image plane for the verification pattern.

[00107] Figure 8B schematically shows the image plane iml, im2 and the focus planes f1,
2 for the verification patterns 313, 314 respectively. If the image plane im1, im2 is exactly
between the first and the second focus plane f1, 2, the images of the verification patterns 313,
314 will have no relative displacement and will have a shared reference position. If the radiation
sensitive layer 250 is displaced in the direction z, the difference Al will decrease, and the
difference A2 will increase. Accordingly, the images of the first and the second verification
patterns 313, 314 will move away from this reference position in mutually opposite directions.
This is shown schematically in the lower right part of Figure 8C. Therewith the relative
displacement of the images of the first and the second verification pattern 313, 314 with respect
to each other is indicative for the location of the focal plane f with respect to the image planes
iml, im2.

[00108] However if the dose or the contrast is varied the images of the first and the
second verification patterns 313, 314 will shift in the same direction, as illustrated in the lower
left half of Figure 8C. Accordingly the relative displacement between the images of these
patterns is substantially independent of the dose and the contrast. It should be noted that the
density of the focus-sensitive part must be kept below the threshold at which iso-focal behavior
oceurs. Above that threshold and above a certain energy, no focus-sensitive behavior 1s
observed. The density and energy at which iso-focal behavior is observed can be calculated or
determined experimentally.

[00109] Figure 9 shows the shifts dX observed as a function of the amount of defocus dZ
for various applied doses in a range of 43 - 48 mJ/em®.  In the second verification structure
320, in the fourth verification pattern 324, the chopped line 324A is arranged at a side of the
solid line 324B opposite to the side of solid line 323B at which the chopped line 323A is
arranged in the third verification pattem 323. Accordingly, the fourth verification pattern 324
has an orientation with respect to the third verification pattern 323 that is rotated substantially
180 degrees around the axis 305 perpendicular to the plane of the drawing and corresponding to
axis 305 in Figure 7A. In this embodiment change of focus setting will have the effect that the
images of the verification patterns 323, 324 on the image planes at the radiation sensitive layer
250 will shift in the same direction. Accordingly the relative position of these images is

substantially independent of the focus setting.
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[00110) However, a change in radiation dose or a change of the contrast will cause a shift
of the images of the verification patterns 323 and 324 at the radiation sensitive layer in mutually
opposite directions. Accordingly the second verification structure is both contrast and dose
sensitive.

[00111] Although the verification patterns 323 and 324 are shown arranged against each
other, these patterns may be separated by a background zone to prevent interference between the
patterns.

[00112] As described with reference to Figure 4, the third verification structure 330,
having the dense chopped line pattern is sensitive to dose variations, but substantially insensitive
to contrast variations. As the first, second and the third verification structures have a mutually
different sensitivity profile, the contrast setting can be determined from a combination of the
shifts observed for the three verification structures.

[00113] A further embodiment of a verification mark 400 is shown in Figures 10A-10D.
The verification mark 400 may be extended with a third verification structure, but may also be
used separately. Figure 10A shows a plurality of the verification marks 400 arranged in a matrix
on a patterning device MA configured to pattern a beam of radiation in a lithographic projection
apparatus according to a desired pattern. One mark 400 is shown in more detail in Fi gure 10B.
As shown therein the mark 400 includes a first verification structure 410 formed by a first and a
second verification pattern 413, 414. The first and the second verification patterns 413, 414 are
similar to the first and the second verification patterns 313, 314 of Figure 7C. As shown in
Figure 10C, the cross-section according to line C-C in Figure 10B, the first and the second
verification patterns 413, 414 are arranged at a first and a second level lv1, 1v2 in a direction of
an axis 405 transverse to a plane of the verification mark 400. In particular, the second
verification pattern 414 is arranged in a groove having a width W and a depth D of the
verification mark 400. In the embodiment shown the groove has a width W of 1000 um and a
depth D of 3 pm.

[00114] As the second verification pattern 414 is arranged at a level different from the
first verification pattern 413, the first and the second verification patterns 413, 414 have a
different focus setting. Figure 10D schematically shows a corner between verification patterns
413, 414, 416 and 417. As shown schematically Figure 10D, the first and the second verification
patterns 413, 414 of the first verification structure 410 have substantially the same orientation.
[00115] If the focal setting is such that a level exactly between the first and the second

levels 1v1, 1v2 would be correctly focused on the image plane, then the focal planes for the first
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and the second verification patterns 413, 414 have a deviation from the image plane of the same
magnitude. In that case the imaged patterns share a common reference position.

[00116] If the focal setting is changed, the images of the first and the second verification
patterns 413, 414 will move away from the reference position in mutually opposite directions.
Therewith the relative displacement of the images of the first and the second verification
patterns 413, 414 with respect to each other is indicative for the focal setting. The relative
displacement of the images however is substantially insensitive to dose variations.

[00117] The verification mark 400 includes further verification patterns 416, 417 of an
additional first verification structure that are also arranged at a first and a second mutually
different level lv1, Iv2 in a direction of the axis 405. However, the verification patterns 416, 417
are rotated by 90 degrees relative to the verification patterns 413, 414. The relative displacement
of the images of these patterns 416, 417 is a second indication of the focus setting. If the focal
system PO has an astigmatic error, the relative displacement for images of the patterns 416, 417
will differ from the relative displacement for images of the patterns 413, 414. This information
can be used to control the focal system PO.

[00118] After a current dose setting or a current focus setting is determined from a
measured difference verification between the image of the first and the second verification
patterns, settings and/or parameters of the apparatus can be adjusted to adapt the dose setting or
focus setting.

[00119] Referring to Figure 11A, in order to realize a difference in focus setting between
the first and the second verification patterns 513, 414, it is not necessary that the verification
patterns 513, 514 are arranged at a different level in the verification mark. As shown in Figure
11A, the verification patterns 513, 514 may be imaged at different image planes 551, 552
respectively along the axis 553 onto the radiation sensitive layer 550. Analogously, the
verification pattemns of a second verification structure may be imaged with different focus
settings, by using multiple image planes.

{00120] In this case the solid line 514B has a first continuous optical property in that it is
fully reflective, the background has a second continuous optical property contrasting with the
first optical property in that it absorbs all radiation, and the sub-patterned line 514 has a sub-
pattern with first areas 515 and second areas (the remaining area) being distributed between each
other. The first areas 515 have the first optical property, hence they are also reflective and the

second areas have the second optical property, they absorb the radiation.
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[00121] It is not necessary that the chopped lines 514 are chopped into sub-lines. The
chopped lines 514A may be chopped into other sub-patterns. In the embodiment shown, the sub-
patterned line 514A includes a hexagonal array of reflecting dots 515 within an otherwise
radiation absorbing area. As an order of magnitude, the pitch between the dots may be in a range
of 3 — 12 MNA, and a size of the dots may be in a range of 1-4 A/NA, wherein A is the
wavelength used and NA is the numerical aperture of the projection system. For example, for a
wavelength A of 13.5 nm and a numerical aperture of 0.5, the pitch D between dots may, for
example, be 167 nm and the dot diameter d may, for example, be 56 nm.

[00122] Analogously a second verification structure 620 may be imaged at a multilevel
radiation sensitive layer as shown in Figure 12.

[00123] Parts of the second verification structure 620 corresponding to those in Figure 7C
have a reference number that is 300 higher. Parts of the radiation sensitive layer 650
corresponding to those in Figure 11A have a reference number that is 100 higher. In this
embodiment a change of focus setting will have the effect that the images of the verification
patterns 623, 624 on the image planes 651, 652 will shift in the same direction. Accordingly the
relative position of these images is substantially independent of the focus setting. However, a
change in radiation dose or in the contrast will cause a shift of the images of the verification
patterns 623 and 624 at their image planes 651, 652 in mutually opposite directions. This makes
it possible to accurately determine the dose from the relative shift of the images of these patterns
623, 624 without being disturbed by inaccuracies in the focus setting, provided that the contrast
setting is known. If the contrast setting is not known, the dose setting can be determined in
combination with two other verification structures having mutually different sensitivity profiles.
[00124] Figure 13 shows a further method according to the invention. According to this
method a presence of astigmatism in the focal system can be used to determine the focal setting.
According to this method, a verification mark 700 is used that has a first verification structure
710 with a first and a second verification pattern 713, 714 that have an orientation differing by
90 degrees from each other. First verification pattern 713 is similar to the first verification
pattern 313 in Figure 7C. The second verification pattern 714 is similar to the first verification
pattern 713, except that it is rotated by 90 degrees.

[00125) The projection system PO has an astigmatic error. This may achieved in that the
projection system has a first and a second astigmatic optical component PO1, PO2, e.g. lens or

mirror. During normal operation these optical components PO1, PO2 can be controlled in a
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position wherein they compensate each others astigmatic error. However during verification
their astigmatism can be used to determine the focal setting as follows.

[00126] The optical components PO1, PO2 are controlled in an orientation wherein they
at least partially not compensate each others astigmatic error. Now, if the verification mark 700
is imaged onto image plane 750, the first and the second verification patterns 713, 714 will have
a different focal setting, due to their mutually different orientations, and the remaining
astigmatism in the optical component PO. Accordingly, a difference between the first focal
plane fpl and the first image plane (formed by 750) for the first verification pattern 713 deviates
from a difference between the second focal plane fp2 and the second image plane (also formed
by the 750) for the second verification pattern 714. Hence, the image of the first verification
pattern 713 and the image of the second verification pattern 714 will have a different shift from
a reference position. This difference is indicative for the location of the mean focal setting, i.e.
the average of the focal setting for the first verification pattern 713 and the second venification
pattern 714. The verification mark 700 may have an additional first verification structure with an
additional first and an additional second verification pattern oriented transverse to each other
and at an angle of substantially 45 degrees relative to a respective astigmatic axis. As these
additional patterns substantially have the same focal setting, their images can be used to
determine dose and contrast.

[00127] Figure 14 shows the full curve for the measured verification offset as a function
of the axial position of the verification mark for a constant dose and contrast setting. The axial
position of the focus for the patterns in the image plane varies substantially as a scaled linear
function with the axial position of the patterns. In the present embodiment the linear function
has a scale factor of about 1/20 to 1/15. Figure 14 indicates on the left the alignment offset 0413
of the image of pattern 413 and on the right the alignment offset 0414 of the image of pattern
414.

|00128] Figure 14 also indicates that the two verification patterns have exactly the same
offset if the focus setting is such that the level exactly between the level of the first verification
pattern 413 and the verification pattern 414 would be focused on the image plane 250 (Figure 6).
[00129) Figure 15 shows the shift in verification of the images of the patterns 413, 414 if
the focus setting is changed with a change A.

(00130} A method according to the invention may measure the position of the images
using a verification system that images selected diffraction orders of radiation reflected by the

images on a reference grating.



10

15

20

25

30

27

{00131]) A skilled person will be capable of considering many variations within the scope
of the clausess. For example the verification structures having a mutually different sensitivity
profile may be obtained by providing the verification structures with a verification pattern
having mutually different sub-patterns and/or sub-patterns with a mutually different density.
Also a multi-level verification structure may be provided with a pair of verification patterns
arranged a mutually different level. In that case information may be obtained from a difference
in effect on the images of these verification patterns. The verification patterns having a mutually
different level may additionally have an opposite orientation. A multi-level verification structure
having such mutually oppositely oriented verification patterns (a multi-level verification
structure of the second type) has a different sensitivity profile than the multi-level verification
structure having verification patterns with the same orientation (a multi-level verification
structure of the first type). A multi-level verification structure may also be used separately, or in
combination with another multi-level verification structure of the other type.
[00132] While specific embodiments of the invention have been described above, it will
be appreciated that the invention may be practiced otherwise than as described. For example, the
invention may take the form of a computer program containing one or more sequences of
machine-readable instructions describing a method as disclosed above, or a data siorage medium
(e.g. semiconductor memory, magnetic or optical disk) having such a computer program stored
therein.
[00133] The descriptions above are intended to be illustrative, not limiting. Thus, it will
be apparent to one skilled in the art that modifications may be made to the invention as
described without departing from the scope of the clausess set out below. Other aspects of the
invention are set out as in the following numbered clauses.
1. A method of measuring a lithographic projection apparatus, the method comprising:
imaging a verification mark provided in a patterning device onto a radiation-sensitive
layer held by a substrate table of a lithographic apparatus, wherein the verification mark
comprises at least a first, a second and a third verification structure that have a mutually

different sensitivity profile for a dose setting, a focus setting and a contrast setting.

2. The method of clauses 1, wherein the third verification structure comprises a dense, sub-

patterned verification pattern.
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3. The method of clauses 1, wherein the first verification structure comprises at least a pair
of verification patterns, one of the verification patterns covered by an element to cause a

deviation of an incident radiation beam.

4. The method of clauses 3, wherein the element to cause the deviation is a prism.

5. The method of clauses 3, wherein the element to cause the deviation is a phase shift
mask.

6. The method of clauses 3, wherein the second verification structure comprises a sparsely,

sub-patterned verification pattern.

7. The method of clauses 1, wherein the first verification structure comprises at least a first
and a second verification pattern having mutually different focus settings, and the third
verification structure has a focus setting centrally within the range of focus settings of the first

and the second verification patterns.

8. The method of clauses 7, wherein the first and the second verification patterns of the first
verification structure are arranged mutually transverse to each other, and wherein a projection
system used in the imaging has an astigmatic projection error, and wherein a difference is
determined between a shift of an image of the first verification pattern and of the second

verification pattern at the radiation-sensitive layer.

9. The method of clauses 7, wherein a length of an optical path from the first verification
pattern of the first verification structure to the image of the first verification pattern at the
radiation sensitive layer differs from a length of an optical path from the second verification
pattern of the first verification structure to the image of the second verification pattern at the

radiation sensitive layer.

10.  The method of clauses 9, wherein the first and the second verification patterns of the first
verification structure are arranged at a first and a second level in a direction transverse to a plane

of the verification mark.
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11.  The method of clauses 9, wherein the first and the second verification patterns of the first
verification structure are imaged at the radiation-sensitive layer at a respective first and second

level in a direction transverse to a plane of the radiation sensitive layer.

12.  The method of clauses 1, further comprising:

verifying a current dose setting and/or a current focus setting and/or a current contrast
setting from an evaluation of the image formed of the verification mark on the radiation
sensitive surface; and

adjusting a setting and/or parameter of the apparatus to adapt the dose setting and/or

focus setting and/or contrast setting.

13. A method of measuring a lithographic projection apparatus, the method comprising:
imaging a verification mark provided in a patterning device onto a radiation-sensitive

layer held by a substrate table of a lithographic apparatus, wherein the verification mark

comprises at least a first verification structure with at least a first verification pattern, the

verification structure being imaged at mutually different focus settings.

14.  The method of clauses 13, wherein the first verification structure comprises a second
verification pattern that is imaged at a focus setting differing from that of the first venification

pattern.

15.  The method of clauses 13, wherein the first verification pattern of the first verification

structure is imaged more than one time at a different focus setting.

16.  The method of clauses 13, wherein the first verification structure with the first
verification pattern and the image plane are moved in a direction of an optical axis of the

lithographic apparatus relative to each other.

17. A patterning device configured to pattern a beam of radiation in a lithographic projection
apparatus according to a desired pattern, the patterning device comprising a verification mark,
wherein the verification mark comprises at least a first, a second and a third verification
structure that have a mutually different sensitivity profile for a dose setting, a focus setting and a

contrast setting.
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i8.  The patterning device of clauses 17, wherein the third verification structure comprises a

dense, sub-patterned verification pattern.

19.  The patterning device of clauses 18, wherein the first verification structure comprises at
feast a pair of verification patterns, one of the verification patterns covered by an element to
cause a deviation of an incident radiation beam, the verification patterns having mutually the

same focus setting.

20.  The patterning device of clauses 18, wherein the first verification structure comprises at
least a first and a second verification pattern that are arranged at a first and a second level in a

direction of an axis transverse to a plane of the verification mark.

21.  The patterning device of clauses 20, wherein the first and the second verification patterns

of the first verification structure have substantially the same orientation.

22, The patterning device of clauses 20, wherein the second verification structure comprises
at least a third and a fourth verification pattern that are arranged at a first and a second level ina
direction of an axis transverse to a plane of the verification mark, and wherein the fourth

verification pattern has an orientation with respect to the third verification pattern that is rotated

substantially 180 degrees around the axis.

23.  The patterning device of any one of clausess 20 to 22, further comprising an additional
first verification structure with an additional first and an additional second verification pattern
that are arranged at a third and a fourth level in a direction of the axis, the additional first and the
additional second verification pattern having an orientation with respect to the first verification

pattern that is rotated substantially 90 degrees around the axis.

24, The patterning device of clauses 23, wherein the additional first and the additional
second verification pattern of the additional first verification structure have substantially the

same orientation.
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25.  The patterning device of clauses 23 or clauses 24, wherein the third level coincides with

the first level and the fourth level coincides with the second level.

26. A patterning device configured to pattern a beam of radiation in a lithographic projection
apparatus according to a desired pattern, the patterning device comprising a verification mark,
the verification mark comprising at least a first verification structure that comprises at least a
first and a second verification pattern that are arranged at a mutually different level in a direction

of an axis transverse to a plane of the verification mark.

27.  Alithographic projection apparatus comprising:

a substrate table configured to hold a substrate;

a patterning device configured to pattern a beam of radiation according to a desired
pattern, the patteming device comprising a verification mark to be imaged onto a radiation-
sensitive layer held by the substrate table, wherein the verification mark comprises at least a
first, a second and a third verification structure that have a mutually different sensitivity profile
for a dose setting, a focus setting and a contrast setting;

a projection system configured to image the patterned beam onto the radiation-sensitive

layer.

28. A device manufacturing method, comprising:
using a patterning device to endow a beam of radiation with a pattern in its cross-section;
projecting the patterned beam of radiation onto a substrate that is at least partially
covered by a layer of radiation-sensitive material using a lithographic apparatus; and
prior to the projecting, verifving the lithographic apparatus using the method of any one

of clausess | to 16.

29. A device manufactured according to the method of clauses 28.

1036647



32
CONCLUSIE

1. Een lithografieinrichting omvattende:

een belichtinginrichting ingericht voor het leveren van een stralingsbundel;

een drager geconstrueerd voor het dragen van een patroneerinrichting, welke patroneerinrichting
in staat is een patroon aan te brengen in een doorsnede van de stralingsbunde! ter vorming van
een gepatroneerde stralingsbundel;

een substraattafel geconstrueerd om een substraat te dragen; en

een projectieinrichting ingericht voor het projecteren van de gepatroneerde stralingsbundel op
een doelgebied van het substraat, met het kenmerk, dat de substraattafel is ingericht voor het
positioneren van het doelgebied van het substraat in een brandpuntsvlak van de

projectieinrichting.

1036647
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