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Method and lithographic apparatus for measuring and acquiring height data relating to a substrate
surface.

®

A lithographic apparatus includes a level sensor for use in positioning a target portion of the substrate
with respect to a focal plane of the projection system, a pair of actuators, configured to move a substrate
table of the lithographic apparatus and a controller for moving the substrate relative to the level sensor by
controlling the actuators. The controller combines motions of the first and second actuators to produce a
combined movement having a speed higher than a maximum speed of at least one of the actuators
individually.
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Method and lithographic apparatus for measuring and acquiring height data relating to

a substrate surface
Field of the Invention

(0001]) The present invention relates to a lithographic apparatus and method for
acquiring height data of a substrate surface, to a program and a memory containing the
program for acquiring height data and to a method, apparatus, program and memory for

correcting height data acquired according to said method.
Description of the Related Art

{0002} A lithographic apparatus is a machine that applies a desired pattern onto a
target portion of a substrate. Lithographic apparatus can be used, for example, in the
manufacture of integrated circuits (ICs). In this case, a patterning device, which is
alternatively referred to as a mask or a reticle, may be used to generate a circuit pattern
corresponding to an individual layer of the IC. This pattern can be transferred onto a target
portion (e.g., comprising part of, one or several dies) on a substrate (e.g., a silicon wafer).
Transfer of the pattern is typically via imaging onto a layer of radiation-sensitive material
(resist) provided on the substrate. This is done using a projection system that is between the
reticle and the substrate and is provided to image an irradiated portion of the reticle onto a
target portion of a substrate. The pattern can be imaged onto an exposure area (die) on the
substrate (silicon wafer). In general, a single substrate will contain a network of adjacent
target portions that are successively patterned. Known lithographic apparatus include so-
called steppers, in which each target portion is irradiated by exposing an entire pattern onto
the target portion at one time, and so-called scanners, in which each target portion is
irradiated by scanning the pattern through a radiation beam in a given direction (the
“scanning”-direction) while synchronously scanning the substrate parallel or anti-parallel to
this direction. It is also possible to transfer the pattern from the patterning device to the
substrate by imprinting the pattern onto the substrate.

[0003] The lithographic apparatus may be of a type having two (dual stage) or more

substrate tables (and/or two or more mask tables). This is described in more detail below.
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[0004] In current dual stage apparatus, data is gathered to level every target portion
(field) with a level sensor in exactly the same position with respect to the center of the target
portion. A possible level sensor is explained in more detail below.

{0005] The projection system includes components to direct, shape and/or control a
beam of radiation. The pattern can be imaged onto the target portion (e.g., including part of
one, or several, dies) on a substrate, for example a silicon wafer, that has a layer of radiation-
sensitive material, such as resist. In general, a single substrate contains a network of adjacent
target portions that are successively exposed. Known lithographic apparatus include so-
called steppers, in which each target portion is irradiated by exposing an entire pattern onto
the target portion at once, and so-called scanners, in which each target portion is irradiated by
scanning the pattern through the projection beam in a given direction, usually referred to as
the “scanning” direction, while synchronously scanning the substrate parallel or anti-parallel
to this direction.

[0006] For the sake of simplicity, the projection system may hereinafter be referred to
as the "lens"; however, this term should be broadly interpreted as encompassing various types
of projection system, including refractive optics, reflective optics, catadioptric systems, and
charged particle optics, for example. The radiation system may also include elements
operating according to any of these principles for directing, shaping or controlling the
projection beam, and such elements may also be referred to below, collectively or singularly,
as a "lens". In addition, the first and second object tables may be referred to as the "mask
table" and the "substrate table", respectively.

[0007] A lithographic apparatus can contain a single mask table and a single substrate
table, but are also available having at least two independently moveable substrate tables; see,
for example, the multi-stage apparatus described in International Patent Applications
W098/28665 and W098/40791. The basic operating principle behind such multi-stage
apparatus is that, while a first substrate table is at the exposure position underneath the
projection system for exposure of a first substrate located on that table, a second substrate
table can run to a loading position, discharge a previously exposed substrate, pick up a new
substrate, perform some initial measurements on the new substrate and then stand ready to
transfer the new substrate to the exposure position underneath the projection system as soon
as exposure of the first substrate is completed; the cycle then repeats. In this manner it is

possible to increase substantially the machine throughput, which in turn improves the cost of



10

15

20

25

30

ownership of the machine. It should be understood that the same principle could be used
with just one substrate table which is moved between exposure and measurement positions.
[0008] During exposure processes, it is important to ensure that the mask image is
correctly focussed on the wafer. Conventionally this has been done by measuring the vertical
position of the best focal plane of the aerial image of the mask relative to the projection lens
before an exposure or a series of exposures. During each exposure, the vertical position of
the upper surface of the wafer relative to the projection lens is measured and the position of
the wafer table is adjusted so that the wafer surface lies in the best focal plane.

{0009} The scope for adjusting the position of the focal plane of the projection system
PL is limited and the depth of focus of that system is small. This means that the exposure area
of the wafer (substrate) must be positioned precisely in the focal plane of the projection
system PL.

{60018} Wafers are polished to a very high degree of flatness but nevertheless
deviation of the wafer surface from perfect flatness (referred to as "unflatness") of sufficient
magnitude noticeably to affect focus accuracy can occur. Unflatness may be caused, for
example, by variations in wafer thickness, distortion of the shape of the wafer or
contaminants on the wafer holder. The presence of structures due to previous process steps
also significantly affects the wafer height (flatness). In the present invention, the cause of
unflatness is largely irrelevant; only the height of the top surface of the wafer is considered.
Unless the context otherwise requires, references below to "the wafer surface" refer to the top
surface of the wafer onto which will be projected the mask image.

[00011] During exposures, the position and orientation of the wafer surface relative to
the projection optics are measured and the vertical position (Z) and horizontal tilts (Rx, Ry)
of the wafer table WT are adjusted to keep the wafer surface at the optimal focus position.
{00012} As described above, imaging a pattern onto a substrate W is usually done with
optical elements, such as lenses or mirrors. In order to generate a sharp image, a layer of
resist on the substrate W should be in or near the focal plane of the optical elements.
Therefore, according to the prior art, the height of the target portion C that is to be exposed is
measured. Based on these measurements, the height of the substrate W with respect to the
optical elements is adjusted, e.g., by moving the substrate table WT on which the substrate W
is positioned. Since a substrate W is not a perfectly flat object, it may not be possible to
position the layer of resist exactly in the focal plane of the optics for the whole target portion

C, so the substrate W may only be positioned as well as possible.
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{00013} In order to position the substrate W in the focal plane as well as possible (e.g.,
by matching the focal plane to the centre of the resist thickness), the orientation of the
substrate W can be altered. The substrate table WT may be translated, rotated or tilted, in all
six degrees of freedom, in order to position the layer of resist in the focal plane as well as
possible.

[00014] In order to determine the best positioning of the substrate W with respect to
the optical elements, the surface of the substrate W may be measured using a level sensor, as
for instance described in U.S. Patent No. 5,191,200. This procedure may be done during
exposure (on-the-fly), by measuring the part of the substrate W that is being exposed or is
next to be exposed, but the surface of the substrate W may also be measured in advance. This
latter approach may also be done at a remote position. In the latter case, the results of the
level sensor measurements may be stored in the form of a so-called height map or height
profile and used during exposure to position the substrate W with respect to the focal plane of
the optical elements.

[00015] In both cases, the top surface of the substrate W may be measured with a level
sensor that determines the height of a certain area. This area may have a width about equal to
or greater than the width of the target portion C and may have a length that is only part of the
length of target portion C, which will be explained below (the area being indicated with the
dashed line). The height map of a target portion C may be measured by scanning the target
portion C in the direction of the arrow A. The level sensor LS determines the height of the
substrate W by applying a multi-spot measurement, such as for instance a 9-spot
measurement. Level sensor spots LSS are spread over the area and, based on the
measurements obtained from the different level sensor spots, height data may be collected.
[00016] The term “height” as used here refers to a direction substantially perpendicular
to the surface of the substrate W, i.e, substantially perpendicular to the surface of the
substrate W that is to be exposed. The measurements of a level sensor result in height data,
comprising information about the relative heights of specific positions of the substrate W.
This may also be referred to as a height map.

{00017] Based on this height data, a height profile may be computed, for instance by
averaging corresponding height data from different parts of the substrate (e.g., height data
corresponding to similar relative positions within different target portions C). In case such

corresponding height data is not available, the height profile is equated to the height data.
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{00018) Based on height data or a height profile, a leveling profile may be determined
to provide an indication of an optimal positioning of the substrate W with respect to a
projection system PS. Such a leveling profile may be determined by applying a linear fit
through (part of) the height data or the height profile, e.g., by performing a least squares fit
(three dimensional) through the points that are inside the measured area.

[00019] As explained above, accurate leveling may require measuring the shape and
topography of the substrate, for instance using a level sensor, resulting in height data of (at
least part) of the substrate W, based on which a leveling profile can be determined. Such a
leveling profile may represent the optimal position of the substrate W with respect to the
projection system PS, taking into account the local shape and height of the substrate W.
[00020] By leveling every target portion in exactly the same position with respect to
the centre of the target portion, variation of exposure focus between target portions on a
substrate is reduced.

[00021] For example, every target portion could have a leveling sampling pattern with
respect to the center of the target portion as shown in Fig. 2. In Fig. 2 M2 — M6 refer to the
level sensor spots, covering the target portion widths, which are scanned over the surface
over the target portion along the target portion height. During the scanning, a number of
measurements are gathered, indicated by the dots in Fig. 2. These dots have a predetermined
position with respect to the target portion center.

[00022] It is relatively time consuming to take leveling data according to the technique
as shown and described with reference to Fig. 2. This is because it is time consuming to take
leveling data for each target portion that meets the constraint of positioning the level sensor
in the same position with respect to the center of each target portion. In the most common
case of a columnar target portion layout, this requires a ‘stroke’ of level sensor readings
through each column. :

[00023]) This is further illustrated with reference to Fig. 4, showing a substrate with a
plurality of target portions and arrows indicating the scanning path or strokes of the level

S€nsor.

SUMMARY OF THE INVENTION
100024] It is an aspect of embodiments of the present invention to alleviate, at least

partially, the problems discussed above.
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100025) According to a first aspect of the present invention, there is provided a
lithographic projection apparatus including a support constructed to support a patterning
device, the patterning device being capable of imparting a radiation beam with a pattern in its
cross-section to form a patterned radiation beam, a substrate table constructed and arranged to
hold a substrate, a projection system constructed and arranged to project the patterned
radiation beam onto a target portion of the substrate, a level sensor constructed and arranged
to perform height measurements of at least part of the substrate to generate height data, for
use in positioning a target portion of the substrate with respect to a focal plane of the
projection system, a first actuator constructed and arranged to move the substrate table at
least in a first direction perpendicular to a surface of the substrate having a maximum speed,
and a second actuator constructed and arranged to move the substrate table at least in a
second direction perpendicular to a surface of the substrate having a maximum speed, a
controller constructed and arranged to generate a stroke of relative movement between the
substrate and the level sensor, by controlling the first and second actuator, wherein the
controller is constructed and arranged to combine first and second actuator movement to
effect combined movement at a speed higher than the maximum speed of one actuator.
100026] In an embodiment, the controller is constructed and arranged to generate the
stroke of combined movement by combining at least 71% of the maximum speed of both
actuators.

[00027] Further the controller may be constructed and arranged to generate a stroke of
combined movement of both actuators moving the substrate table at generally maximum
speed.

(00028 The first actuator may be constructed and arranged to cause relative movement
in the X-direction and the second actuator is constructed and arranged to cause relative
movement in the Y-direction.

[00029j) The substrate table could be moveable to effect a scanning exposure of a
substrate carried by said substrate holder, and said level sensor is arranged to measure at least
one of the vertical position and the tilt about at least one horizontal axis of a target area on
said substrate.

100030] The level sensor includes a projection part for directing radiation onto the
substrate comprising a radiation source, a projection grid having slits positioned downstream
from the radiation source, and a first reflector positioned to direct radiation from the radiation

source towards a substrate surface as level sensor spots, and a detection part for detecting
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reflected radiation from the substrate surface, comprising a detector, a detection grid having
slits positioned in between the substrate and the detector, and a second reflector positioned to
direct light reflected from the wafer surface to a detector, wherein the grids are positioned to
project and detect level sensor spots that are aligned with the stroke of the relative movement.
[00031] In a further embodiment he level sensor spots on the substrate are rotated over
generally 45 degrees with respect to the direction of movement of at least one of the
actuators.

[00032] It may be useful to position at least one of projection grid or detection grid
generally in parallel with the substrate surface.

[00033]) In a preferred embodiment at least one of the projection grid or the detection
grid is generally of rectangular shape and has slits positioned generally along the diagonal of
the grid.

{00034} In an embodimeni the substrate table is tilted over an angle corresponding to
the angle of the stroke of movement.

[00035) At least one of the projection grid or the detection grid is preferably tilted such
that the slits are at different distance from the radiation source.

[00036] Preferably at least one of the projection grid or the detection grid is tilted
around an axis generally perpendicular to a plane formed by travelling direction of the

radiation and an axis of the slits.

[00037] The projection grid may be tilted such that a tilt angle of the projection grid
and an incident angle of the radiation combine to generally 90 degrees (Scheimpflug
condition).

[00038] It may be useful to employ a system in which the projection part further

comprises a wedge positioned in the path of radiation downstream from the projection grid
for adapting the optical path length of the radiation.

[{00039] In an embodiment, the detection part further comprises a wedge positioned in
the path of radiation upstream from the projection grid for adapting the optical path length of
the radiation.

[00040] According to another aspect of the invention, there is provided a method for
sensing the level of a substrate carried on a substrate table, in a lithographic projection
apparatus, that has a support constructed to support a patterning device, the patterning device
being capable of imparting a radiation beam with a pattern in its cross-section to form a

patterned radiation beam; a substrate table constructed and arranged to hold a substrate; a
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projection system constructed and arranged to project the patterned radiation beam onto a
target portion of the substrate; a level sensor constructed and arranged to perform height
measurements of at least part of the substrate to generate height data, first and second
actuators for generating a relative moment between substrate and the level sensor, the
actuators having a maximum speed, the method comprising:

providing a substrate on the substrate table

generating relative movement between the substrate and the level sensor, and sensing
a level of the substrate, further comprising

combining the relative movement generated by the two actuators to a velocity higher
than the maximum velocity of movement generated by one actuator.
(00041} The method could comprise any of the feature of the apparatus. Further the
generated relative movement could be a movement in several strokes. The height
measurements could be performed by scanning the at least part of the substrate in a scanning
direction with a level sensor.
[00042] Preferably the first actuator generate a movement in a X-direction and the
second actuator generates movement in a Y -direction, and wherein the combined movement
is in X-Y plane under an angle of at least 20 degrees with respect to the substrate surface.
[00043] The movement preferably comprises strokes generally at 45 degree angle with
respect to the X and Y directions.
[00044] The method could further comprise the level sensor projecting radiation on the
substrate surface and detecting the reflected radiation from the substrate surface.
[00045] In a further embodiment projecting the radiation further comprises applying a
number of beams of radiation on the substrate surface as level sensors spots, wherein the
level sensor spots are rotated over a non-zero angle with respect to at least one of the
directions of relative movement and wherein combining the relative movement results in a
relative movement at generally the same non-zero angle.
[00046] Further adapting the optical path length of at least one of the projected
radiation or reflected radiation using refraction is useful.
[00047] According to another aspect of the present invention, there is provided a
computer program on a data carrier or a computer readable medium, or a computer program
product, the computer program or computer program product having code or instructions
constructed and arranged to perform the method of:

generating relative movement between the substrate and the level sensor
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sensing the level of the substrate with the level sensor, wherein the generated relative

movement is a combined movement of at least two actuators for generating movement of the

substrate table relative to the level sensor.

[00048] According to another aspect of the present invention, there is provided a

device that is made directly or indirectly using the lithography system and/or device

manufacturing method and/or computer program of any of the preceding aspects of the

invention.

[00049] According to still another aspect of the invention, there is provided a method

for calibrating a lithographic apparatus comprising:

performing a level sensor scan over the target portion providing level sensor data for the

target portion, wherein the level sensor scan is performed at a relative position with respect to

the target portion, and

b) determining corrected exposure focus data using the level sensor data and

predetermined calibration data to correct for the relative position of the level sensor scan with

respect to the target portion. According to an embodiment action b) comprises:

bl)  determining corrected level sensor data using the predetermined calibration data, and

b2)  determining corrected exposure focus data based on the corrected level sensor data.
According to an embodiment action b) comprises:

bl’) determining exposure focus data using the level sensor data, and

b2’) determining corrected exposure focus data based on the exposure focus data and the

predetermined calibration data.

[00050]) According to an embodiment the method further comprises:
) exposing the target portion in accordance with the corrected exposure focus data.
[00051] According to an embodiment the relative position is substantially in the plane

of the target portion and substantially perpendicular to a scan direction of the level sensor
scan.

{00052} According to an embodiment the calibration data can be used to determine
corrected exposure focus data to correct for the relative position of a level sensor scan with
respect to a target position, the method comprising:

I-1)  performing a first number of calibration level sensor scans of at least one target
portion, wherein the first number of calibration level sensor scans have a first relative

position with respect to the at least one target portion,
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[-2) performing a second number of calibration level sensor scans of at least one target
portion, wherein the second number of calibration level sensor scans have a second relative
position with respect to the at least one target portion, the second relative position being
different from the first relative position,
1) determining first calibration data for the second relative position by comparing the
second number of calibration level sensor scans to the first number of calibration level sensor
scans.
[00053] Preferably the second number of level sensor scans are performed by
generating a combined relative movement of the substrate and the level sensor with two
actuators, moving at a higher speed than the maximum speed of one actuator.
[00054] According to yet a further aspect a computer program is provided on a data
carrier, a computer readable medium, or a computer program product, the computer program
having code or instructions for sensing the level of a substrate carried on a substrate table ,
the code or instructions for performing the method of:
generating relative movement between the substrate and the level sensor
sensing the level of the substrate with the level sensor, wherein the generated relative
movement is a combined movement of at least two actuators for generating movement of the
substrate table relative to the level sensor.
[00055] According to yet a further aspect a system is provided for controlling the
position of a substrate, the system comprising a processor and a memory, the memory being
encoded with a computer program containing instructions that are executable by the
processor to perform, using height data, a method for positioning a target portion of the
substrate with respect to a focal plane of a projection system, wherein the method comprises:

performing height measurements of at least part of the substrate to generate the height
data by generating relative movement between the substrate and the level sensor
sensing the level of the substrate with the level sensor, wherein the generated relative
movement is a combined movement of at least two actuators for generating movement of the
substrate table relative to the level sensor;

using predetermined correction heights to compute corrected height data for the
height data; and

positioning the target portion of the substrate with respect to the focal plane of the

projection system at least partially based on the corrected height data.
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[00056] A system for controlling the position of a substrate, the system comprising a
processor and a memory, the memory being encoded with a computer program containing
instructions that are executable by the processor to perform a method for calculating
correction heights to correct height data obtained by a level sensor, wherein the method
comprises:

performing height measurements of a target portion of the substrate to generate a
height profile by generating relative movement between the substrate and the level sensor and
sensing the level of the substrate with the level sensor, wherein the generated relative
movement is a combined movement of at least two actuators for generating movement of the
substrate table relative to the level sensor;

computing a level profile based on the height profile; and

determining correction heights by computing the difference between the level profile
and the height profile.
[00057] Another aspect of the invention provides a computer-readable medium
encoded with a computer program containing instructions that are executable by a processor
to perform, using height data, a method for positioning a target portion of a substrate with
respect to a focal plane of a projection system, wherein the method comprises:

performing height measurements of at least part of the substrate to generate the height
data by generating relative movement between the substrate and the level sensor and sensing
the level of the substrate with the level sensor, wherein the generated relative movement is a
combined movement of at least two actuators for generating movement of the substrate table
relative to the level sensor;

using predetermined correction heights to compute corrected height data for the
height data; and

positioning the target portion of the substrate with respect to the focal plane of the
projection system at least partially based on the corrected height data.
[00058] Yet another aspect of the invention provides a computer-readable medium
encoded with a computer program containing instructions that are executable by a processor
to perform, using height data, a method for positioning a target portion of a substrate with
respect to a focal plane of a projection system, wherein the method comprises:

performing height measurements of a target portion of the substrate to generate a
height profile by generating relative movement between the substrate and the level sensor and

sensing the level of the substrate with the level sensor, wherein the generated relative
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movement is a combined movement of at least two actuators for generating movement of the
substrate table relative to the level sensor;

computing a level profile based on the height profile; and

determining correction heights by computing the difference between the level profile
and the height profile.

BRIEF DESCRIPTION OF THE DRAWINGS
[00059] Embodiments of the present invention will now be described, by way of
example only, with reference to the accompanying schematic drawings in which

corresponding reference symbols indicate corresponding parts, and in which:

[00060] - Figure 1 schematically depicts a lithographic apparatus according to an
embodiment of the invention;

[00061] - Figure 2 schematically depicts a target portion,

[00062] - Figure 3 is a more detailed view of parts of the apparatus of Figure 1;
[00063] - Figure 4 schematically depicts a substrate with a plurality of target
portions and arrows indicating the scanning path of the level sensor according to the prior art,
[00064) - Figure 5 is a detailed view of a wafer stage according to an
embodiment;

[00065] - Figure 6 schematically depicts a substrate with a plurality of target
portions and arrows indicating the scanning path of the level sensor according to a preferred
embodiment,

[00066] - Figures 7a-7c show three embodiments of a level sensor grid,

[00067] - Figures 8-13 schematically show arrangements of a level sensor

according to different embodiments of the invention.

DETAILED DESCRIPTION

[00068) Figure 1 schematically depicts a lithographic apparatus according to one
embodiment of the invention. The apparatus comprises:

- an illumination system (illuminator) IL constructed and arranged 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 constructed and arranged to

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

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

[00069] The illumination system may include various types of optical components,
such as refractive, reflective, magnetic, electromagnetic, electrostatic or other types of optical
components, or any combination thereof, for directing, shaping, or controlling radiation.
[00070] The support structure supports, i.e., bears the weight of, the patterning device.
It 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 support structure
can use mechanical, vacuum, electrostatic or other clamping techniques to hold the patterning
device. The support structure may be a frame or a table, for example, which may be fixed or
movable as required. The support structure may ensure that the patterning device is at a
desired position, for example with respect to the projection system. Any use of the terms
“reticle” or “mask” herein may be considered synonymous with the more general term
“patterning device.”

[00071] The term “patterning device” used herein should be broadly interpreted as
referring to any device that can be used to impart a radiation beam with a pattern in its cross-
section such as to create a pattern in a target portion of the substrate. It should be noted that
the pattern imparted to the radiation beam may not exactly correspond to the desired pattern
in the target portion of the substrate, for example if the pattern includes phase-shifting
features or so called assist features. Generally, the pattern imparted to the radiation beam will
correspond to a particular functional layer in a device being created in the target portion, such
as an integrated circuit.

[00072] The patterning device may be transmissive or reflective. Examples of
patterning devices include masks, programmable mirror arrays, and programmable LCD
panels. Masks are well known in lithography, and include mask types such as binary,
alternating phase-shift, and attenuated phase-shift, as well as various hybrid mask types. An
example of a programmable mirror array employs a matrix arrangement of small mirrors,

each of which can be individually tilted so as to reflect an incoming radiation beam in
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different directions. The tilted mirrors impart a pattern in a radiation beam which is reflected
by the mirror matrix.

[00073] 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”.

[00074] As here depicted, the apparatus is of a transmissive type (e.g., employing a
transmissive mask). Alternatively, the apparatus may be of a reflective type (e.g., employing
a programmable mirror array of a type as referred to above, or employing a reflective mask).
[00075] The lithographic apparatus may be of a type having two (dual stage) or more
substrate tables (and/or two or more mask tables). In such “multiple stage” machines the
additional tables may be used in parallel, or preparatory steps may be carried out on one or
more tables while one or more other tables are being used for exposure.

[00076] The lithographic apparatus may also be of a type wherein at least a portion of
the substrate may be covered by a liquid having a relatively high refractive index, e.g., water,
so as to fill a space between the projection system and the substrate. An immersion liquid
may also be applied to other spaces in the lithographic apparatus, for example, between the
mask and the projection system. Immersion techniques are well known in the art for
increasing the numerical aperture of projection systems. The term “immersion” as used
herein does not mean that a structure, such as a substrate, must be submerged in liquid, but
rather only means that liquid is located between the projection system and the substrate
during exposure.

[00077] Referring to figure 1, the illuminator IL receives a radiation beam from a
radiation source SO. The source and the lithographic apparatus may be separate entities, for
example when the source is an excimer laser. In such cases, the source is not considered to
form part of the lithographic apparatus and the radiation beam is passed from the source SO
to the illuminator IL with the aid of a beam delivery system BD comprising, for example,
suitable directing mirrors and/or a beam expander. In other cases the source may be an
integral part of the lithographic apparatus, for example when the source is a mercury lamp.
The source SO and the illuminator IL, together with the beam delivery system BD if required,

may be referred to as a radiation system.
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100078] The illuminator IL may comprise an adjuster AD for adjusting the angular
intensity distribution of the radiation beam. Generally, at least the outer and/or inner radial
extent (commonly referred to as c-outer and o-inner, respectively) of the intensity
distribution in a pupil plane of the illuminator can be adjusted. In addition, the illuminator IL
may comprise various other components, such as an integrator IN and a condenser CO. The
illuminator may be used to condition the radiation beam, to have a desired uniformity and
intensity distribution in its cross-section.

[00079] 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 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 or capacitive sensor), the substrate table WT can be moved accurately,
e.g., so as to position different target portions C in the path of the radiation beam B.
Similarly, the first positioner PM and another position sensor (which is not explicitly depicted
in Figure 1) can be used to accurately position the mask MA with respect to the path of the
radiation beam B, e.g., after mechanical retrieval from a mask library, or during a scan. In
general, movement of the mask table MT may be realized with the aid of a long-stroke
module (coarse positioning) and a short-stroke module (fine positioning), which form part of
the first positioner PM. Similarly, movement of the substrate table WT may be realized using
a long-stroke module and a short-stroke module, which form part of the second positioner
PW. In the case of a stepper (as opposed to a scanner) the mask table MT may be connected
to a short-stroke actuator only, or may be fixed. Mask MA and substrate W may be aligned
using mask alignment marks MA1, MA2 and substrate alignment marks P1, P2. Although the
substrate alignment marks as illustrated occupy dedicated target portions, they may be
located in spaces between target portions (these are known as scribe-lane alignment marks).
Similarly, in situations in which more than one die is provided on the mask MA, the mask
alignment marks may be located between the dies.

{00080] The depicted apparatus could be used in at least one of the following modes:
[00081] 1. In step mode, the mask table MT and the substrate table WT are kept
essentially stationary, while an entire pattern imparted to the radiation beam is projected onto
a target portion C at one time (i.e., a single static exposure). The substrate table WT is then

shifted in the X and/or Y direction so that a different target portion C can be exposed. In step
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mode, the maximum size of the exposure target portion limits the size of the target portion C
imaged in a single static exposure. ,
[00082] 2. In scan mode, the mask table MT and the substrate table WT are
scanned synchronously while a pattern imparted to the radiation beam is projected onto a
target portion C (i.e., a single dynamic exposure). The velocity and direction of the substrate
table WT relative to the 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 target portion 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.

[00083] 3. In another mode, the mask table MT is kept essentially stationary
holding a programmable patterning device, and the substrate table WT is moved or scanned
while a pattern imparted to the radiation beam is projected onto a target portion C. In this
mode, generally a pulsed radiation source is employed and the programmable patterning
device is updated as required after each movement of the substrate table WT or in between
successive radiation pulses during a scan. This mode of operation can be readily applied to
maskless lithography that utilizes programmable patterning device, such as a programmable
mirror array of a type as referred to above.

[00084] Combinations and/or variations on the above described modes of use or

entirely different modes of use may also be employed.

LEVEL SENSOR

[00085] The level sensor measures heights of substrates W or of areas on the substrate
table WT to generate height data. A surface, of which the height is to be measured, is brought
in a reference position and is illuminated with a measurement beam of radiation. The
measurement beam of radiation impinges on the surface to be measured under an angle which
is less than 90°. Because the angle of incidence is equal to the angle of reflection, the
measurement beam of radiation is reflected back from the surface with the same angle to
form a reflected beam of radiation. The measurement beam of radiation and the reflected
beam of radiation define a measurement plane. The level sensor measures the position of the
reflected beam of radiation in the measurement plane.

[00086] If the surface is moved in the direction of the measurement beam of radiation

and another measurement is done, the reflected beam of radiation is reflected in the same



10

15

20

25

30

17

direction as before. However, the position of the reflected beam of radiation has shifted the
same way the surface has been moved.

[00087] The level sensor is arranged to perform a level sensor scan over the target
portion providing level sensor data for the target portion.

[00088] In Figure 3, a part of the measurement station region of the lithographic
apparatus is shown. The substrate W is held on the substrate table WT. Two wafer stage
chucks WT are visible in Figure 3. The left hand side is the substrate table in the expose
position I and the right hand side is the substrate table WT in the measure position II.

[00089] The substrate table WT is connected to actuators. An example of another
embodiment of a substrate table WT is shown in figure 5. Actuators 23,24 are connected to a
control device 6 with a processor 8 and a memory 10. The actuators may comprise any type
of positioning actuator, such as a piezo-electric actuator, a pneumatic actuator, a linear motor,
a Lorentz actuator, a cam disk or a spindie. An aspect of piezo-electric actuator and a cam
disk is their high stiffness, thus increasing the eigenfrequencies of the substrate table and
increasing the position accuracy thereof. Actuators 23,24 move over respective guides 21,22.
The two actuators 23 will be able to bring about a tilt around a Z-axis.

[00090] Not shown in figure 5 is an actuator for generating a relative movement in the
Z- direction. This actuator is also connected to the processor 8. This actuator is controlled to
position the substrate surface of substrate W in the focal plane of the projection system in
accordance with the height data or corrected height data acquired according to the invention..

[00091] The processor 8 further receives information from position sensors 25
measuring the actual position of the substrate table WT or substrate table holder by electric
(capacitive, inductive) or optical, e.g., interferometric devices. Figures 1 and 2 show
examples of direction definitions X,Y,Z. Z is usually used to indicate a height direction, as
shown in figure 1 right hand side. The substrate W is positioned in the X-Y plane as indicated
in Figure 2. Scanning of the surface according to figure 4 is executed by performing long
strokes in the Y direction over the middle part of fields 40 on the substrate W.

[00092] Figure 3 shows a system for determining the position of a wafer on the
wafer/substrate table WT or “chuck” as it is sometime referred to in the art. This includes
two interferometers IF, one on each of opposite sides of the substrate table WT. Each
interferometer IF is positioned to direct measurement radiation onto one of a first pair of
mirrors M1 that are provided on opposing sidewalls of the table, these mirrors M1 being

substantially perpendicular to the radiation emitted from the associated interferometer IF.



10

15

20

25

30

18

These will be referred to as the X-mirrors M1 In addition, each interferometer IF is
positioned to direct measurement radiation onto one of a second pair of mirrors M2 that are
angled at 45 degrees to the direction of propagation of radiation from the interferometer IF.
These mirrors M2 are provided on opposing sidewalls of the table WT. These will be referred
to as the angled mirrors M2.

[00093] The X-mirrors M1 and the angled mirrors M2 are carried on the wafer table
WT and so move when the table WT is moved. Radiation reflected from each X-mirror M1
is directed back to its associated interferometer IF and can be used to determine the Xx-
position of the wafer table WT. Radiation reflected from the angled mirrors M2 is directed
onto one of a pair of Z-mirrors ZM positioned above the level of the wafer table WT and then
subsequently reflected back to the interferometer IF. The dots that are shown on the Z-
mirrors ZM of Figure 2 are indicative of the positions where the interferometer IF beams
reside during measurements. By using radiation reflected from each Z-mirror ZM in
combination with a measure of the x-position determined using the X-mirrors M1, it is
possible to obtain an indirect measure of the height of the Z-mirror ZM and so the wafer table
WT.

100094) The processor 8 also receives input from a level sensor LS which measures the
height and/or tilt information from the target area C on the substrate W where the projection
beam PB hits the substrate surface. Preferably, the control device 6 is connected to a
reporting system 9, which may comprise a PC or a printer or any other registration or display
device.

{00095] The level sensor LS may be, for example, an optical sensor as described here;
alternatively, a pneumatic or capacitive sensor (for example) is conceivable. In figure 3 also
an air gauge GA is shown in the measure position.

100096] A level sensor is provided to determine a level parameter of the substrate W to
enable a controller 6 to position the substrate surface in the focal plane of the projection
system PS. The level sensor may comprise a level difference sensor constructed to measure a
level difference between the surface of the substrate and the surface of the surrounding
structure and the level parameter comprises the level difference. A result of this arrangement
may be that measurement of the level difference can be performed as a single action, thus
obviating 2 need to measure the level of the substrate and the surrounding structure
separately. Further, the level difference may be measured with existing level sensors used for

focus control during exposure of the substrate.
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[00097) In another embodiment, the level sensor comprises a level measurement
sensor constructed to measure a level of the surface of the substrate when held by the
substrate table and the level parameter comprises the level of the surface of the substrate. In
this case, the controller is further provided with a level of the surrounding structure to
position the substrate table with respect to the surrounding structure. An aspect of this
configuration is that this provides for a simple solution, useful in an embodiment wherein
only the substrate table is moved by the actuators and the surrounding structure is stationary.
[00098] The level sensor LS will generally measure the vertical position of one or
more small areas (level sensor spots LSS) of e.g., 6-25 mm’ (e.g., 2 x 4 mm) of the substrate
W to generate height data. The level sensor LS shown in Figure 3 comprises a radiation
source for producing a radiation beam 16, projection optics (not shown) for projecting the
light beam 16 onto the substrate W, detection optics (not shown) and a sensor or detector.
The level sensor comprises a projection part 2 and a detection part 15.

[00099] In particular cases the LSS have a size defined by the length and width of the
spot on the surface of the substrate. The length can be defined as the length of the spot in the
scanning direction, according to prior art arrangements in the Y-direction. The level sensor
spots according to the embodiment of figure 2 are obtained in an embodiment using a level
sensor grid 100 as shown in figure 7a. The grid 100 is provided with a grating 101. Each gap
102 has dimensions width 104 x height 105. The width 104 of slit 102 corresponds generally
with the width of the LSS on the substrate if the grid is positioned in parallel with the
substrate surface as would be the case in prior art arrangements. In a particular case the
height 105 of the slit 102 in the scanning direction is about 4 times smaller than the width.
This will allow a balance between desired resolution of scanning and being able to ignore or
take into account measurement results of spots near edges of the substrate (which results are
invalid).

[000100] The detection part 15 generates a height-dependent signal, which is fed to the
processor 8. The processor 8 is arranged to process the height information and to construct a
measured height map. Such a height map may be stored by the processor 8 in the memory 10
and may be used during exposure.

[000101] According to an alternative, the level sensor 2,15 may be an optical sensor
making use of Moiré patterns formed between the image of a projection grating reflected by
the substrate surface and a fixed detection grating, as described in U.S. Patent No. 5,191,200.

It may be desirable for the level sensor 15 to measure the vertical height of a plurality of
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positions simultaneously and/or to measure the average height of a small area for each
position.

[000102] The level sensor spots LSS, M2-M5 according to figure 2 are arranged in a
first direction, in Figure 2 in the X-direction. Subsequent measurement of M2 result in the
array of measurements according to figure 2. The measurements are repeated. Dependent on
the interval time between the measurements and the relative speed of the substrate W with
respect to the level sensor, these measurement points are separated by a pitch. The pitch can
be adjusted by changing one of the variables. It is relatively straightforward to shorten the
time interval and repeat the measurements at a higher rate.

[000103] The embodiments described here may of course also be used for other types of
level sensors, such as air gauges. An air gauge, as will be known to a person skilled in the art,
determines the height of a substrate W by supplying a gas flow from a gas outlet to the
surface of the substrate W. Where the surface of the substrate W is high, i.e., the surface of
the substrate W is relatively close to the gas outlet, the gas flow will experience a relatively
high resistance. By measuring the resistance of the flow as a function of the spatial position
of the air gauge above the substrate W, a height map of the substrate W can be obtained. A
further discussion of air gauges may be found in EP0380967, incorporated by reference.
[000104] According to an alterative, a scanning needle profiler is used to determine a
height map of the substrate W. Such a scanning needle profiler scans the height map of the
substrate W with a needle, which also provides height information.

{000105} In fact, all types of sensors may be used that are arranged to perform height
measurements of a substrate W, to generate height data.

[000106] The level sensing method uses at least one sensing area and measures the
average height of a small area, referred to as a level sensor spot LSS, such as the five spots
M2-M6 according to Figure 2.

[000107] According to an embodiment, the level sensor may simultaneously apply a
number of measurement beams of radiation, creating a number of level sensor spots LSS on
the surface of the substrate W. As shown in Fig. 1, the level sensor may for instance create
five level sensor spots LSS in a row. The level sensor spots LSS scan the area of the substrate
W to be measured (for instance target portion C), by moving the substrate W and the level
sensor relatively with respect to each other, indicated with arrow A (scanning direction).
[000108] Depending on the position of the level sensor spot LSS on the substrate W, a

selection mechanism selects the level sensor spot or spots LSS, which are applicable to derive
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height data from a measured target area C. Based on the selected level sensors spots LSS, a
level profile may be computed.

[000109) The depicted apparatus can be used in various modes. For example, in step
mode, the mask table MT and the substrate table WT are kept essentially stationary, while an
entire pattern imparted to the projection beam is projected onto a target portion C at once
(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.
[000110] In order to determine an absolute mirror map, the x-position of the wafer table
WT is monitored using the interferometers IF and a plurality of level sensor LS
measurements is performed at various different x-positions across the wafer. Each level
sensor measurement may optionally be static. In this case, typically each level sensor would
take a number of measurements at each measurement point and provide an average value,
thereby to reduce the effects of noise. In a typical example, each level sensor may take six
hundred readings at a single point, although different sensors may be constructed and
arranged to take different numbers of readings and indeed different numbers of readings may
be taken at different positions of the substrate table. As will be appreciated, whilst increasing
the number of measurements reduces the effects of noise, it also increases the measurement
time. Hence, there is a trade off between calibration time and measurement accuracy. As an
alternative to a static measurement, the wafer table WT may be moved along the direction of
the level sensor array LS, whilst the level sensor array LS is taking measurements.
Measurements relating to specific points of the wafer may be obtained by sampling the sensor
outputs at appropriate times. In this case, the number of measurements that are taken at each
point will typically be lower than for the static measurement, and may be only one.

[000111] In the example shown in Figure 5, the wafer table WT is movable using a
controller 6. In particular, the wafer table WT is moved parallel to the X-axis using actuators
23 in steps from the extreme left position to the extreme right position. After each step, all
level sensors covering a target wafer point take a measurement.

[000112] Actuators 23,24 are arranged to generate a relative movement of the substrate
table WT with respect to level sensor fixed to the lithographic apparatus. The actuator will
have a maximum speed. Scanning according to figure 4 will have a maximum scanning speed

in the Y direction limited by this maximum speed.
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[000113]) The controller 6, which is connected to the actuators 23,24, is constructed and
arranged to control operation of the actuators. The controller 6 is also provided with an output
signal from a level sensor.

{000114] The controller 6 can comprise any type of controller such as an electronic
controller, analogue, digital, or a combination thereof, comprising, €.g., a MICroprocessor,
microcontroller, other type of programming device, application specific integrated circuitry,
or any other type of programmable device. The actuator can be connected to the controller via
any suitable connection, such as an analogue line, a digital line, a multiplexed digital line, or
any other communication channel.

(000115} According to the invention during scanning of the substrate W with the level
sensor, the substrate table WT is moved relative to the level sensor in a combined movement
generated by a combination of actuating in the X and Y directions. This will allow a scanning
speed higher than the maximum speed of one of the actuators, in particular a higher speed
than scanning in only the Y — direction according to figure 4.

{000116] An embodiment of scanning with the level sensor is shown in figure 6.
According to this embodiment, the level sensor scans the substrate surface using long strokes.
The strokes may be elongated in one direction. In another embodiment the strokes could be
wavy or periodic. In an embodiment a Y direction movement is modulated with a movement
in the X direction under the influence of the X-actuators 23.

[000117] A combined movement of the actuators 23,24 results in strokes at an angle of
generally 45 degrees with each axis. Since the movement of the actuators 23,24 is combined,
a resulting combined speed is roughly 41% higher. The result is that according to this
embodiment scanning of the total surface of the substrate can be performed quicker, resulting
in time savings, in particular at the measure position.

[000118] Any of the level sensors known to the skilled person can be used in
combination with the invention in order to achieve the time saving due to the higher scanning
speed.

[000119] In an embodiment the substrate table WT is rotated over an angle
corresponding to the angle of combined movement of the actuators. This allows the heart line
of the target portions 40,41 of figure 3 and 6 to be aligned with the scanning direction
according to the invention. In this approach, the substrate table is rotated over 45 degrees for
scanning. After scanning, the substrate table can be rotated back the same angle. This allows

the projection of radiation according to prior art arrangements.
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[000120] The level sensor spots according to the embodiment of figure 2 are obtained in
an embodiment using a level sensor grid 100 as shown in figure 7a. The grid 100 is provided
with a grating 101. Each gap 102 has dimensions width 104 x height 105. Figure 7a shows
axis X,Y to indicate a grid coordinate system. The grating 101 is positioned parallel to the X
direction over the middle part of the grid 100. Hereinafter gX, gY and gZ will refer to these
defined grid axis. Further rotation around any of these axis will be referred to hereinafter as
gRx, gRy and gRz. gRz refers to rotation of the grid in the plane as shown in figure 7a.
[000121] In the embodiment shown in figure 4, the level sensor directs its radiation
beam onto the substrate surface at an angle ALPHA, here defined as the direct angle between
substrate surface and incident beam. This angle could be 5-80 degrees, more particularly 5-
40, such as 20 degrees. This angle ALPHA will be used hereunder as the incident angle of the
level sensor radiation.

[000122] In between the radiation source (not shown) of the level sensor and the
radiation beam 16 directed at the substrate W, grid 100 is positioned. The grid 100 is part of
the detection part 2 of the level sensor. The grating 101 will result in the formation of the
level sensor spots according to Figure 2. The grid 100 is positioned perpendicular to the
travelling direction of the beam 16.

[000123] The size of the level sensor spots LSS depends on the size of the slits 102 and
the angle of incidence ALPHA. In an embodiment the grid 100 can be positioned such that
the LSS have the same width 104 and an height/length of about height 105/sin(ALPHA). If
ALPHA is about 20 degree, the size of the spot will be about 3x height 105 of the gap102 due
to the enlargement of the angle of incidence.

[000124] In a first embodiment the arrangement of the grid 100 is maintained and
corresponds to prior art arrangements. The level sensor spots LSS according to this
arrangement will be aligned with the X axis of the substrate surface and will move according
to the embodiment under an angle of 45 degrees with respect to the XY plane of the substrate
during the scanning with the level sensor.

[000125] In a second embodiment of the level sensor, the level sensor is adapted in
order to project the level sensor spots LSS at an angle corresponding with the angle of
combined movement generated by the actuators. If the combined movement is oriented as
shown in figure 6, the LSS can be tilted over 45 degrees in the XY plane of the substrate.
This can be obtained by tilting the grid 100 over an angle of GAMMA, wherein GAMMA s
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generally equal to 45/sin(ALPHA). The tilt GAMMA is an embodiment around the z-axis
(gRz) of the grid, being the rotation axis out of the plane according to figure Ta.

[000126] Figure 8 shows schematically this embodiment. The skilled person will be
familiar with the representation according to Figure 8-14, wherein the projection optics being
part of projection part of the level sensor is not depicted for clarity sakes. Grid 100 is part of
the projection part of the level sensor and is positioned in the path of the radiation beam
emitted by a radiation source (not shown) of the projection part. Further optical elements
such as mirrors, lenses etc. could be part of the projection part.

[000127] By rotating the grid 100 over GAMMA degree around gRz, the level sensor
spots are rotated as depicted in Figure 8.

[000128] Grid 100 was originally positioned at an angle of 70 degrees with respect to
the Z-axis. In this way the beam 16 is very close to perpendicular to the lane of gaps 102.
However such a position results in the fact that only the central part 110 of the gaps 102 can
be in focus on the substrate surface in the embodiment according to figure 8. The optical
distance from the top side 111 of the gap 109 to the substrate surface is longer than the
distance from the down side 112 of gap 109 to the substrate surface. In an embodiment the
grid is positioned such that this effect does not occur. Such positioning to counter the defocus
is referred to as the Scheimpflug condition. Instead of a 70 degree tilt with respect to Z, the
grid could be tilted 90 degrees. The grid 100 is then positioned genereally parallel to the
substrate surface W. This will allow the complete set of LSS to be in focus.

(000129} Figure 9 shows an embodiment for obtaining focussed LSS at an angle of 45
degrees with respect to the XY plane of the substrate W. The grid is positioned such that the
LSS obey the Scheimpflug condition, wherein the complete level sensors spots are now
focussed. The grid 100 is tilted over DELTA degrees, about 45 in an embodiment, around
gRz in order to rotate the spots correspondingly.

[000130] According to a third embodiment, figure 10, instead of grid 100, grid 110
according to figure 7b is positioned in the path of radiation 16. Grid 110 differs from grid 100
in that the grating is positioned diagonally over the rectangular body of the grid 110. The
result is that the tilt 129 around gRz is changed in respect to the situation according to the
first and second embodiment (fig 8,9). The tilt 129 will be less than angle GAMMA.

[000131]) According to a fourth embodiment, figure 11, the grid 110 is not tilted around
gRz. Such a tilt may, however, require a redesign of current level sensors. According to the

third embodiment as shown in figure 10 the grid is rotated with respect to its position
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according to prior art. Space for such a rotation is not available in some prior art lithographic
systems.

[000132] Figure 11 shows the grid 110 positioned such that the LSS are rotated over 45
degrees with respect to the XY plane of the substrate surface, wherein the grid 100 is tilted
around gRy over an angle 130. In fact part 120 of grid 110 is more forward (downstream)
than part 121 which is more upstream. As the LS spots formed as a result of the gaps near
120 are also positioned more forward in the Y direction of the substrate surface, the tilting
around gRy will result in reducing the defocus of the spots in comparison with the
embodiment according to figure 10.

[000133] Figure 12 shows a further embodiment having basically the same arrangement
for the grid 110. The projection part of the level sensor as schematically illustrated in figure
12 now comprises a optical element 140 in the pathway of the radiation beam 16. The
radiation beam will penetrate the optical element 140 and will be influenced in accordance
with refractive index of the material of the opticél element.

[000134] In an embodiment, the optical element comprises wedges. Since the grid 110
is tilted around gRy with an angle 131, optical element 140 comprising wedges, preferably
wedges adapted for each spot, can compensate phase differences between the spots. This will
allow the use of a detection grating according to prior art arrangement. The skilled artisan
will understand adapted the wedge thickness to compensate the focus difference.

[000135] Rotation of the grid 100 or grid 110 according to any of the embodiments
according to figure 8-12 in order to rotate the LSS on the substrate surface will result in a
wider LSS array. In figure 2 the width of five LSS is indicated with wLSS. If the grid 100 or
110 is rotated according to any of the mentioned embodiment-in order to orient the LSS array
under an angle of 45 degrees with respect to the XY plane of the substrate surface, this width
wLSS will become 1.41 time wider.

[000136] The result of the combined movement of both actuators at full speed resulting
in 45 degree directed strokes during scanning as illustrated in Figure 4 and the 1.41 wider LS
array, will together result in a possible time saving of 50%. Since the speed is increased 1,4
and the width of the LS array is also increased, a prior art level sensor arranged and adapted
according to the invention could perform its level sensing method at double speed.

[000137] When rotating the LS spots on the grating the originally used width of the LSS
may be maintained in order to have an extra gain of LS width. In another embodiment grid

115 according to figure 7c could be used. Grid 115 has a diagonal grating having more slits
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102, e.g., 13 instead of 9. Using the amended grid 115 in the embodiments according to
figures 8-12 would result in having a LSS array having generally the same size of spots on
the substrate surface. According to this embodiment, the same density of measurements point
for height measurements can be maintained.

[000138]) Figure 13 shows a further embodiment having a Scheimpflug positioned grid
110 rotated around gRz over an angle 134, of about 45 degrees, in order to rotate the LSS
over 45 degrees. The Scheimpflug condition is obtained by a rotation of the grid around gRx.
[000139) Figures 8-13 only show essential elements of the projection part of a level
sensor. The skilled person will understand that corresponding measures can be taken at the
detection part of the level sensor. Also the detection part comprises a grid. This can be a grid
100, grid 110 or grid 115. The detection part grids can be rotated around a gRz, gRy, gRx in
order to allow detection of the rotated LSS and to be able to measure the Scheimpflug
conditioned LSS. The skilled person will understand from the foregoing that it is possible to
combine different embodiments for the projection part and the detection part. However it may
improve the simplicity of the design to have the projection part and detection part arranged in
a similar fashion.

[000140] In an embodiment the substrate table is rotated around Rz in order to align the
fields 40 with the improved scanning stroke according to the invention. The substrate table
WT is rotated over 45 degrees in order to allow maximum scanning speed. Now LS scanning
is performed at higher speed, but with the strokes aligned with the fields 40 on the substrate.
[000141] Since according to at least one aspect of the invention it is proposed to scan
the heights of the substrate surface in a direction at an angle with respect to the middle of the
fields as illustrated in figure 4, it is proposed according to the invention to correct the
measured heights according to any of the methods of the invention. The correction can be a
single calibration. The calibration is performed with respect to layout-dependent
measurement, wherein scanning strokes are performed according to figure 4.

[000142] The layout independent leveling calibration utilizes a calibration mechanism
(such as a fingerprint mechanism) for a robust mechanism to calibrate the effect of layout
independent measurement in relatively short time. Using the mechanism described here, it is
possible to calibrate using a single substrate or target portion, although calibration may also
be done using more then one substrate or target portion.

[000143] The calibration identifies a set of at least one special calibration target portion.

Each calibration target portion is scanned multiple times. Each target portion is scanned with
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the level sensor at least once in every possible pattern of level sensor measurement that is
performed on any target portion on the substrate.

[000144] So, during calibration, the at least one calibration target portion is measured a
number of times where each time the level sensor has a different relative position with
respect to the target portion. The relative positions of the scans are chosen such that they
correspond to a possible level sensor scan as will be performed during actual level sensor
measurements as will take place for actual exposure.

[000145] By comparing the different calibration scans performed with the different
relative positions with respect to the target portion the actual level sensor scans and data as
gathered later on for actual exposure can be compensated to minimize differences between
the exposure focus between target portions on a substrate is reduced.

[000146] By comparing the different calibration scans, the effect of the relative position
of the level sensor scan on the exposure focus data can be predicted and thus compensated.
[000147] For the most common columnar layout, the number of calibration scans will
be the number of strokes in the layout independent leveling data acquisition. This calibration
can be viewed as superimposing all the different patterns of scanning a target portion 41
according to the method of figure 6 on the same target portion 40 scanned according to prior
art.

[000148] According to an example, two patterns measured according to any method
using two actuators according to the invention can be superimposed on a pattern measured
according to figure 4 of a corresponding target portion 40,41. Each pattern of the three
patterns of measurement on this target portion generates a set of focus exposure set points.
The difference between the focus exposure set points of a layout independent pattern and the
layout dependent pattern is the calibration (data) of that layout dependent pattern.

[000149] A calibration mechanism is used to generafe a robust set of measurements to
use as input for the calibration. The standard deviation of all the readings in each calibration
target portion is calculated. According to an embodiment, the target portions with the highest
standard deviation value are discarded from the calibration. The (remaining) target portions
may be averaged point by point to create the calibration data (fingerprint data).

[000150] During the actual level sensor measurements as performed on a target portion
before exposure, the calibration data (fingerprint) can be used to correct the actual exposure

focus. By doing so, the difference between exposure focus of different target portions, as far
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as these result from the fact that the level sensor measurements were performed with a
different relative position to the center of the target portion is reduced.

[000151] It will be understood that the calibration data (fingerprint) may comprise
corrections for the exposure focus as computed based on the level sensor data. However,
according to an alternative, the calibration data (fingerprint) may also comprise corrections
for the level sensor data, so exposure focus can be computed based on the corrected level
sensor data.

[000152] According to an aspect of the invention multiple wafers are manufactured with
the lithographic apparatus according to the invention. The wafers are manufactured layer
after layer. For all layers of a certain series of wafers having the same structure, a calibration
measurement according to the invention is performed. For each layer of a certain series of
wafers, a calibration measurement is performed by scanning the heights of the substrate
surface after production of said layer, and said data is compared to the data obtained with a
method according to the invention, in particular scanning at 45 degrees with respect to the
middle of the target areas of the substrate. By comparing the two measurement data, a
correction map or calibration data can be obtained for correction the heights measured with
the method or apparatus having a higher scanning speed according to the invention.

[000153] The data set of heights corresponding to a wafer having said layer produced
last, is corrected according to the invention with the calibration data obtained according to the
correction method of this invention.

[000154] The calibration data may have the form of a calibration table, in which for a
number of relative x,y positions within a target portion a calibration value is stored that may
be used to compute corrected level sensor data. Different calibration tables may be provided
for different relative positions of the level sensor scan.

[000155] It will be understood that the calibration correction can be applied in many
ways. The calibration correction can be used to directly correct the measured level sensor
data, and compute exposure focus data based on the corrected level sensor data.
Alternatively, the level sensor data can be used to compute exposure focus data, where the
calibration data can be used to correct these exposure focus data to obtain corrected exposure
focus data.

[000156] Although specific reference may have been made above to the use of
embodiments of the invention in the context of optical lithography, it will be appreciated that

the invention may be used in other applications, for example imprint lithography, and where
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the context allows, is not limited to optical lithography. In imprint lithography, a topography
in a patterning device defines the pattern created on a substrate. The topography of the
patterning device may be pressed into a layer of resist supplied to the substrate whereupon
the resist is cured by applying electromagnetic radiation, heat, pressure or a combination
thereof. The patterning device is moved out of the resist leaving a pattern in it after the resist
is cured.
[000157] In the present document, the terms "radiation” and "beam" are used to
encompass all types of electromagnetic radiation or particle flux, including, but not limited
to, ultraviolet radiation (e.g., having a wavelength of or about 365nm, 355nm, 248nm,
193nm, 157nm or 126nm), extreme ultraviolet radiation (EUV), X-rays, electrons and ions.
Also herein, the invention is described using a reference system of orthogonal X, Y and Z
directions and rotation about an axis parallel to the / direction is denoted Ri. Further, unless
the context otherwise requires, the term "vertical" (Z) used herein is intended to refer to the
direction normal to the substrate or mask surface, rather than implying any particular
orientation of the apparatus. Similarly, the term "horizontal" refers to a direction parallel to
the substrate or mask surface, and thus normal to the "vertical" direction.
[000158) 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.
[000159] 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
storage medium (e.g., semiconductor memory, magnetic or optical disk) having such a
computer program stored therein.
[000160] 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 clauses set out below. Other aspects of the
invention are set out as in the following numbered clauses:
1. A lithographic projection apparatus comprising:

a support constructed to support a patterning device, the patterning device being
capable of imparting a radiation beam with a pattern in its cross-section to form a patterned

radiation beam;
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a substrate table constructed and arranged to hold a substrate;

a projection system constructed and arranged to project the patterned radiation beam
onto a target portion of the substrate;

a level sensor constructed and arranged to perform height measurements of at least
part of the substrate to generate height data, for use in positioning a target portion of the
substrate with respect to a focal plane of the projection system

a first actuator constructed and arranged to move the substrate table at least in a first
direction perpendicular to a surface of the substrate having a maximum speed; and

a second actuator constructed and arranged to move the substrate table at least in a
second direction perpendicular to a surface of the substrate having a maximum speed;

a controller constructed and arranged to generate a stroke of relative movement
between the substrate and the level sensor, by controlling the first and second actuator,
wherein the controller is constructed and arranged to combine first and second actuator
movement to effect combined movement at a speed higher than the maximum speed of one

actuator.

2. A lithographic projection apparatus according to clause 1, wherein the controller is
constructed and arranged to generate the stroke of combined movement by combining at least

71% of the maximum speed of both actuators.

3. A lithographic projection apparatus according to clause 2, wherein the controller is
constructed and arranged to generate a stroke of combined movement of both actuators

moving the substrate table at substantially a maximum speed thereof.

4. A lithographic projection apparatus according to any one of the preceding clauses
wherein said substrate table is moveable to effect a scanning exposure of a substrate carried
by said substrate holder, and said level sensor is arranged to measure at least one of the
vertical position and the tilt about at least one horizontal axis of a target area on said

substrate.

5. A lithographic projection apparatus according to any of the preceding clauscs,

wherein the level sensor comprises:
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a projection part for directing radiation onto the substrate comprising a radiation
source, a projection grid having slits positioned downstream from the radiation source, and a
first reflector positioned to direct radiation from the radiation source towards a substrate
surface as level sensor spots; and

a detection part for detecting reflected radiation from the substrate surface,
comprising a detector, a detection grid having slits positioned in between the substrate and
the detector, and a second reflector positioned to direct light reflected from the wafer surface
to a detector,
wherein the grids are positioned to project and detect level sensor spots that are aligned with

the stroke of the relative movement.

6. A lithographic projection apparatus according clause 5, wherein the level sensor spots
on the substrate are rotated over substantially 45 degrees with respect to the direction of

movement of at least one of the actuators.

7. A lithographic projection apparatus according to clause 5 or 6, wherein at least one of

projection grid or detection grid is positioned substantially parallel with the substrate surface.

8. A lithographic projection apparatus according to any of the clauses 5-7, wherein at
least one of the projection grid or the detection grid is generally of rectangular shape, having

a row of slits positioned at a non-zero angle with respect to its width.

9. A lithograpic projection apparatus according to clause 8, wherein the slits are

positioned substantially along the diagonal of the detection grid.

10. A lithographic projection apparatus according to any of the clauses 6-9, wherein at
least one of the projection grid or the detection grid is tilted such that the slits are at different

distances from the radiation source.

11. A lithographic projection apparatus according to any of the clauses 6-10, wherein at
least one of the projection grid or the detection grid is tilted around an axis substantially
perpendicular to a plane formed by travelling direction of the radiation and an axis of the

slits.
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12. A lithographic projection apparatus according to any of the clauses 6-11, wherein the
projection grid is tilted such that a tilt angle of the projection grid and an incident angle of the

radiation combine to substantially 90 degrees.

13. A lithographic projection apparatus according to any of the clauses 6-11, wherein the
projection grid is tilted such that a tilt angle of the projection grid and an incident angle of the

radiation meet the Scheimpflug condition.

14. A lithographic projection apparatus according to any of the clauses 6-13, wherein the
projection part further comprises a wedge positioned in the path of radiation downstream

from the projection grid for adapting the optical path length of the radiation.

15. A lithographic projection apparatus according to any of the clauses 6-14, wherein the
detection part further comprises a wedge positioned in the path of radiation upstream from

the projection grid for adapting the optical path length of the radiation.

16. A method for sensing the level of a substrate carried on a substrate table, in a
lithographic projection apparatus, that has a support constructed to support a patterning
device, the patterning device being capable of imparting a radiation beam with a pattern in its
cross-section to form a patterned radiation beam; a substrate table constructed and arranged
to hold a substrate; a projection system constructed and arranged to project the patterned
radiation beam onto a target portion of the substrate; a level sensor constructed and arranged
to perform height measurements of at least part of the substrate to generate height data, first
and second actuators for generating a relative moment between substrate and the level sensor,
the actuators having a maximum speed, the method comprising:

providing a substrate on the substrate table

generating relative movement between the substrate and the level sensor, and sensing
a level of the substrate, further comprising
combining the relative movement generated by the two actuators to a velocity higher than the

maximum velocity of movement generated by one actuator.
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17. A method according to clause 16, wherein the generated relative movement is a

movement in several strokes.

18. A method according to clause 16 or 17, wherein the height measurements are
performed by scanning the at least part of the substrate in a scanning direction with a level

SENSsor.

19. A method according to any of the clauses 16-18, wherein the first actuator generate a
movement in a X-direction and the second actuator generates movement in a Y-direction, and
wherein the combined movement is in X-Y plane under an angle of at least 20 degrees with

respect to the axis-directions

200 A

3

ethod according to clause 19, wherein the movement is formed by strokes

substantially at a 45 degree angle with respect to the X and Y direction.

21. A method according to any of the clauses 16-20, wherein the method further
comprises the level sensor projecting radiation on the substrate surface and detecting the

reflected radiation from the substrate surface.

22. A method according to clause 21, wherein the projecting the radiation further
comprises applying a number of beams of radiation on the substrate surface as level sensors
spots, wherein the level sensor spots are rotated over a non-zero angle with respect to at least
one of the directions of relative movement and wherein combining the relative movement

results in a relative movement at generally the same non-zero angle.

23. A method according to clause 21 or 22, wherein the method further comprises
adapting the optical path length of at least one of the projected radiation or reflected radiation

using refraction.

24. A computer program on a data carrier, a computer readable medium, or a computer
program product, the computer program having code or instructions for sensing the level of a
substrate carried on a substrate table, the code or instructions for performing the method of:

generating relative movement between the substrate and the level sensor
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sensing the level of the substrate with the level sensor, wherein the generated relative
movement is a combined movement of at least two actuators for generating movement of the

substrate table relative to the level sensor.

25. A system for controlling the position of a substrate, the system comprising a processor
and a memory, the memory being encoded with a computer program containing instructions
that are executable by the processor to perform, using height data, a method for positioning a
target portion of the substrate with respect to a focal plane of a projection system, wherein the
method comprises:

performing height measurements of at least part of the substrate to generate the height
data using a method according to any of the clauses 16-23;

using predetermined correction heights to compute corrected height data for the height
data; and

positioning the target portion of the substrate with respect to the focal plane of the

projection system at least partially based on the corrected height data.

26. A system for controlling the position of a substrate, the system comprising a processor
and a memory, the memory being encoded with a computer program containing instructions
that are executable by the processor to perform a method for calculating correction heights to
correct height data obtained by a level sensor, wherein the method comprises:

performing height measurements of a target portion of the substrate to generate a height
profile according to any of the clauses 16-24;

computing a level profile based on the height profile; and

determining correction heights by computing the difference between the level profile

and the height profile.

27. A computer-readable medium encoded with a computer program containing
instructions that are executable by a processor to perform, using height data, a method for
positioning a target portion of a substrate with respect to a focal plane of a projection system,
wherein the method comprises:

performing height measurements of at least part of the substrate to generate the height

data according to any of the clauses 16-24,
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using predetermined correction heights to compute corrected height data for the height
data; and
positioning the target portion of the substrate with respect to the focal plane of the

projection system at least partially based on the corrected height data.

28. A computer-readable medium encoded with a computer program containing
instructions that are executable by a processor to perform, using height data, a method for
positioning a target portion of a substrate with respect to a focal plane of a projection system,
wherein the method comprises:

performing height measurements of a target portion of the substrate to generate a height
profile according to any of the clauses 16-24;

computing a level profile based on the height profile; and

determining correction heights by computing the difference between the level profile

and the height profile.
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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 stralingsbundel 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 doel gebied 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.
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