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Matheus Baselmans Background Field [001] The present invention relates to a
lithographic apparatus and a method for  manufacturing a device. Related Art
[002] A lithographic apparatus is a machine that applies a desired pattern
onto a  substrate, usually onto a target portion of the substrate. A
lithographic apparatus  can be used, for example, in the manufacture of flat
panel displays, integrated  circuits (ICs), micro-electro-mechanical-systems
(MEMS), and other devices  involving fine structures. In a conventional
apparatus, a contrast device or a  patterning device, which can be referred
to as a mask or a reticle, can be used to  generate a circuit pattern
corresponding to an individual layer of a flat panel  display or other
device. This pattern can be transferred onto a target portion (e.g.,
comprising part of one or several dies) on a substrate (e.g., a glass
plate).  Transfer of the pattern is typically via imaging onto a layer of
radiation-sensitive  material (e.g., resist) provided on the substrate.
[003] Instead of a circuit pattern, the patterning device can be used to
generate  other patterns, for example a color filter pattern or a matrix of
dots. Instead of a  mask, the patterning device can comprise a patterning
array that comprises an  array of individually controllable elements.
Compared to mask-based system, the  pattern can be changed more quickly and
for less cost. [004] In general, a flat panel display substrate is
rectangular in shape. Known  lithographic apparatus designed to expose a
substrate of this type typically  provide an exposure region, which covers a
full width of the rectangular  substrate, or which covers a portion of the
width (e.g., about half of the width). 2  The substrate is scanned
underneath the exposure region, while the mask or  



reticle is synchronously scanned through the beam. In this way, the pattern
is  transferred to the substrate. If the exposure region covers the full
width of the  substrate, then exposure is completed with a single scan. If
the exposure region  covers, for example, half of the width of the
substrate, then the substrate is moved  transversely after the first scan,
and a second scan is performed to expose the  remainder of the substrate.
[005] Another way of imaging includes pixel grid imaging, in which a pattern
is  realized by successive exposure of spots. [006] Where the pattern on the
substrate is built up from a grid of localized  exposures or "spot
exposures," it is found that the quality of the pattern formed at  a
particular point can depend on where that point is located relative to the
spot  exposure grid positions. Furthermore, a variation in pattern quality
can be found  to exist with respect to the angle of a feature in the pattern
relative to axes  defining the grid. Either or both of these variations can
have a negative influence  on the quality of a device to be manufactured.
[007] The image log slope of a pattern determines the resist side-wall angle
of  features formed after processing of an exposed substrate. A shallow
image log  slope implies a shallow side wall angle, which can be useful, for
example, for  achieving a wide viewing angle for Flat Panel Displays or can
reduce the  consequences of overlay errors. Steeper image log slopes and
side wall angles  provide greater contrast. The maximal image log slope is
determined by the point  spread functions of the spot exposures in the grid,
and on the geometrical  properties of the grid. In general, therefore, the
image log slope is fixed once the  corresponding hardware elements have been
finalized. However, it can be  desirable to vary the image log slope
according to the nature of the application. [008] The critical dimension
(CD) refers to the size of the smallest printable  feature. Although the CD
of the dose pattern can be defined quite accurately  prior to exposure, it
is more difficult to predict the CD properties of the pattern  after
post-exposure processing. Frequently, it is desirable to tweak the CD after
inspection of a processed substrate in order to optimize the processed
pattern  according to a customer's requirements. One way this can be
achieved is to vary 



3  the intensity of the radiation source. The more intense it is, the more
the resulting  pattern is spread out (normally leading to an increased CD).
However, CD  biasing in this way can only be applied uniformly and in a
circularly symmetrical  fashion over the surface of the substrate. [0091
Variation in the position of the substrate surface relative to the plane of
best focus can cause deterioration in the quality of the image formed on the
substrate. Complex servo and control systems can be provided to translate
and/or  tilt the substrate table and/or projection system in order to keep
the substrate near  the plane of best focus but it is difficult to achieve
perfect compensation. A  residual focus error tends to be remain. [00101
Where an array of individually controllable elements is used as a
patterning device, some form of conversion tool is to translate requested
spot  exposure doses to voltages suitable for actuating the corresponding
elements of  the array at the appropriate times. For example, where the
array of individually  controllable elements comprises a mirror array, the
voltages will be chosen so as  to cause individual mirrors or groups of
mirrors to tilt in such a way as to deflect  an appropriate portion of
incident radiation through the projection system. The  relationship between
the proportion of deflected radiation and the voltage/tilt  angle can be
complex (e.g., non-linear). Factors that affect the  intensity/uniformity of
the radiation incident on the array of individually  controllable elements
and variations in the optical properties of projection system  components
(e.g., variations between different optical columns) can also affect  the
intensity of radiation reaching the substrate and thereby reduce the quality
of  the pattern formed. [00111 Where an array of individually controllable
elements is used as a  patterning device, ghost light (i.e., light
originating from elements other than  those that are supposed to be
contributing to a particular sub-beam of radiation)  can cause errors in the
pattern formed on the substrate. 100121 Therefore, what is needed is a
system and method that more efficiently  and effectively performs maskless
lithography. 



4  SUMMARY [00131 According to one embodiment of the present invention,
there is provided a  lithographic apparatus comprising a projection system,
a patterning device, a low  pass filter, and a data manipulation device. The
projection system project a beam  of radiation onto a substrate as an array
of sub-beams of radiation. The patterning  device modulates the sub-beams of
radiation to substantially produce a requested  dose pattern on the
substrate. The dose pattern is built up from an array of spot  exposures in
which at least neighboring spot exposures are imaged incoherently  with
respect to each other and each spot exposure is produced by one of the sub-
beams of radiation at a particular time. The low-pass filter is arranged to
operate  on pattern data derived from the requested dose pattern in order to
form a  frequency-clipped target dose pattern that predominantly comprises
only spatial  frequency components below a selected threshold frequency. The
data  manipulation device produces a control signal comprising spot exposure
intensities to be produced by the patterning device, based on a direct
algebraic  least-squares fit of the spot exposure intensities to the
frequency-clipped target  dose pattern. [0014] According to one embodiment
of the present invention, there is provided a  lithography apparatus
comprising a projection system, a patterning device, a data  manipulation
device, and a low pass filter. The projection system projects a beam  of
radiation onto a substrate as an array of sub-beams of radiation. The
patterning  device modulates the sub-beams of radiation in order
substantially to produce a  requested dose pattern on the substrate. The
dose pattern is built up from an array  of spot exposures in which at least
neighboring spot exposures are imaged  incoherently with respect to each
other and each spot exposure is produced by one  of the sub-beams of
radiation at a particular time. The data manipulation device  produces a
control signal comprising spot exposure intensities to be produced by  the
patterning device. The control signal is based on a direct algebraic least-
squares fit of the spot exposure intensities to data derived from the
requested dose  pattern. The least-squares fit is performed by multiplying a
pseudo-inverted form  



of a point-spread function matrix by a column vector representing the
pattern data  derived from the requested dose pattern, the point-spread
function matrix 5  comprising information about the shape and relative
position of the point-spread  function of each spot to be exposed on the
substrate by one of the sub-beams of  radiation at a given time. The
low-pass filter removes spatial frequency  components of a signal above a
selected threshold frequency, incorporated offline  into the pseudo-inverted
form of the point-spread-function matrix, ready for the  least-squares fit,
by the following operation: [K]' filtered = Flow-pass filter 0 [K]', [0015]
where [K]' and [K]'filtead represent the pseudo-inverted form of the
point-spread function matrix respectively before and after filtering, and
where  Plow-pass filter represents a mathematical definition of the low-pass
filter in the spatial domain.  [0016] According to one embodiment of the
present invention, there is provided a lithography apparatus comprising a
projection system, an array of individually  controllable elements, a
rasterizer device, a data manipulation device, and a focus  determination
unit. The projection system projects a beam of radiation onto a  substrate
as an array of sub-beams of radiation. The array of individually
controllable elements modulates the sub-beams of radiation so as
substantially to  form a requested dose pattern on the substrate, the
requested dose pattern being  built up over time from an array of spot
exposures, each spot exposure being  produced by one of the sub-beams of
radiation at a given time. The rasterizer  device converts data defining the
requested dose pattern to a sequence of data  representing the requested
dose at a corresponding sequence of points within the  pattern. The data
manipulation device receives the sequence of data and  generates a control
signal therefrom suitable for controlling the array of  individually
controllable elements. The focus determination unit measures the  position
of at least a portion of the substrate relative to a plane of best focus.
The  data manipulation device comprises a focus compensation unit that
adapts the  control signal based on measured deviations of the at least a
portion of the  



substrate relative to the plane of best focus. [0017] According to one
embodiment of the present invention, there is provided a  lithography
apparatus comprising a patterning device, a projection system, and a 6
CD-biasing filter. The patterning device modulates a beam of radiation. The
projection system projects the modulated beam of radiation onto a substrate.
The  CD-biasing filter operates on pattern data derived from a requested
dose pattern,  which is to be fed to the patterning device, in order to
control the critical  dimension characteristics of a radiation dose pattern
produced by the patterning  device. [0018] According to one embodiment of
the present invention, there is provided a  lithography apparatus comprising
an illumination system, a projection system, a  patterning device, and a
data manipulation device. The illumination system  conditions a beam of
radiation. The projection system projects the beam of  radiation onto the
substrate as an array of sub-beams of radiation. The patterning  device
modulates the sub-beams of radiation to substantially produce a requested
dose pattern on the substrate. The dose pattern is built up from an array of
spot  exposures, each spot exposure being produced by one of the sub-beams
of  radiation at a particular time. The radiation intensity of a given
sub-beam of  radiation is controlled according to an activation state of a
corresponding portion  of the patterning device. The data manipulation
device transforms a signal  comprising spot exposure radiation doses derived
from the requested dose pattern  to a control signal representing activation
states of the patterning device  substantially to produce the requested dose
pattern. The transformation is  adapted in order to correct for intensity
variations caused by at least one of the  following: components of the
projection system, components of the illumination  system, radiation sources
for the illumination system, and components of the  patterning device.
100191 According to one embodiment of the present invention, there is
provided a  device manufacturing method comprising the following steps.
Providing a  projection system to project a beam of radiation onto a
substrate as an array of  



sub-beams of radiation. Providing a patterning device that modulates the
sub- beams of radiation to substantially produce a requested dose pattern on
the  substrate. The dose pattern is built up from an array of spot exposures
in which at  least neighboring spot exposures are imaged incoherently with
respect to each  other and each spot exposure is produced by one of the
sub-beams of radiation at 7  a particular time. Using a low-pass filter to
operate on pattern data derived from  the requested dose pattern in order to
form a frequency-clipped target dose pattern  that comprises only spatial
frequency components below a selected threshold  frequency. Using a data
manipulation device to produce a control signal  comprising spot exposure
intensities to be produced by the patterning device,  based on a direct
algebraic least-squares fit of the spot exposure intensities to the
frequency-clipped target dose pattern. [0020] According to one embodiment of
the present invention, there is provided a  device manufacturing method
comprising the following steps. Providing a  projection system that projects
a beam of radiation onto a substrate as an array of  sub-beams of radiation.
Providing a patterning device that modulates the sub- beams of radiation in
order substantially to produce a requested dose pattern on  the substrate.
The dose pattern is built up from an array of spot exposures in  which at
least neighboring spot exposures are imaged incoherently with respect to
each other and each spot exposure is produced by one of the sub-beams of
radiation at a particular time. Using a data manipulation device to produce
a  control signal comprising spot exposure intensities to be produced by the
patterning device, based on a direct algebraic least-squares fit of the spot
exposure intensities to data derived from the requested dose pattern,
wherein the  least-squares fit is performed by multiplying a pseudo-inverted
form of a point- spread function matrix by a column vector representing the
pattern data derived  from the requested dose pattern, the point-spread
function matrix comprising  information about the shape and relative
position of the point-spread function of  each spot to be exposed on the
substrate by one of the sub-beams of radiation at a  given time. Using a
low-pass filter to remove spatial frequency components of a  



signal above a selected threshold frequency, incorporated offline into the
pseudo- inverted form of the point-spread-function matrix, ready for the
least-squares fit,  by the following operation: [K]' filterea = Pow.Pazs
filter (r) [K]' , where [K]' and [K]' films represent the pseudo-inverted
form of the point-spread function matrix  respectively before and after
filtering, and where FoW_P,s filler represents a  mathematical definition of
the low-pass filter in the spatial domain. 8  100211 According to one
embodiment of the present invention, there is a device manufacturing method
comprising the following steps. Providing a projection  system that projects
a beam of radiation onto a substrate as an array of sub-beams  of radiation.
Providing an array of individually controllable elements that  modulate the
sub-beams of radiation so as substantially to form a requested dose  pattern
on the substrate. The requested dose pattern is built up over time from an
array of spot exposures, each spot exposure being produced by one of the
sub- beams of radiation at a given time. Providing a rasterizer device that
converts  data defining the requested dose pattern to a sequence of data
representing the  requested dose at a corresponding sequence of points
within the pattern. Using a  data manipulation device to receive the
sequence of data and generate a control  signal therefrom suitable for
controlling the array of individually controllable  elements. Using a focus
determination unit to measure the position of at least a  portion of the
substrate relative to a plane of best focus. Using a focus  compensation
unit to adapt the control signal based on measured deviations of the  at
least a portion of the substrate relative to the plane of best focus. 100221
According to one embodiment of the present invention, there is provided a
device manufacturing method comprising the following steps. Providing a
patterning device that modulates a beam of radiation. Providing a projection
system that projects the modulated beam of radiation onto a substrate. Using
a  CD-biasing filter to operate on pattern data derived from a requested
dose pattern,  which is to be fed to the patterning device, in order to
control the critical  dimension characteristics of a radiation dose pattern
produced by the patterning  device. 



100231 According to one embodiment of the invention, there is a device
manufacturing method comprising the following steps. Providing an
illumination  system that conditions a beam of radiation. Providing a
projection system that  projects the beam of radiation onto the substrate as
an array of sub-beams of  radiation. Providing a patterning device that
modulates the sub-beams of  radiation to substantially produce a requested
dose pattern on the substrate. The  dose pattern is built up from an array
of spot exposures, each spot exposure being  produced by one of the
sub-beams of radiation at a particular time. The radiation 9  intensity of a
given sub-beam of radiation is controlled according to an activation  state
of a corresponding portion of the patterning device. Using a data
manipulation device to transform a signal comprising spot exposure radiation
doses derived from the requested dose pattern to a control signal
representing  activation states of the patterning device substantially to
produce the requested  dose pattern. Adapting the transformation to correct
for intensity variations  caused by at least one of the following:
components of the projection system,  components of the illumination system,
radiation sources for the illumination  system, and components of the
patterning device. [0024] Further embodiments, features, and advantages of
the present inventions,  as well as the structure and operation of the
various embodiments of the present  invention, are described in detail below
with reference to the accompanying  drawings. BRIEF DESCRIPTION OF THE
DRAWINGS [0025] The accompanying drawings, which are incorporated herein and
form a  part of the specification, illustrate one or more embodiments of the
present  invention and, together with the description, further serve to
explain the  principles of the one or more embodiments of the present
invention and to enable  a person skilled in the pertinent art to make and
use the one or more embodiments  of the present invention. [0026] FIG. 1
depicts a lithographic apparatus, according to one embodiment of  the
present invention. 



[0027] FIG. 2 depicts a lithographic apparatus that can be used, for
example, in  the manufacture of a flat panel display, according to one
embodiment of the  present invention. [0028] FIG. 3 depicts a mode of
transferring a pattern to a substrate using a  lithographic apparatus,
according to one embodiment of the present invention.  [0029] FIG. 4 depicts
an arrangement of optical engines for exposing a pattern on a substrate, for
example, used to manufacture a flat panel display, according to  one
embodiment of the present invention. 10  [0030] Figure 5 depicts a data-path
with data manipulation devices, according to one embodiment of the present
invention. [0031] Figure 6 depicts a portion of a square spot exposure grid
and a "worst  case" position, according to one embodiment of the present
invention. [0032] Figure 7 depicts a portion of a hexagonal spot exposure
grid and a "worst  case" position, according to one embodiment of the
present invention. [0033] Figure 8 depicts a portion of a square spot
exposure grid with "worst  case" lines and "best case" positions, according
to one embodiment of the present  invention. [0034] Figure 9 depicts a
portion of a hexagonal spot exposure grid with "worst  case" positions and
"best case" positions, according to one embodiment of the  present
invention. [0035] Figure 10 depicts the hexagonal spot exposure grid
geometry and shows  an "intermediate case" position, according to one
embodiment of the present  invention. [0036] Figure 11 depicts a low-pass
and sharpening combination filter, according  to one embodiment of the
present invention. [0037] Figure 12 depicts an image log slope filter,
according to one embodiment  of the present invention. [0038] Figure 13
depicts a CD biasing filter, according to one embodiment of the  present
invention. [0039] Figure 14 depicts an apparatus suitable for on-the-fly
focus correction via  



a data-path, according to one embodiment of the present invention. [0040]
Figure 15 depicts a multiplication stage with a preprocessor for reducing
calculation load, according to one embodiment of the present invention.
[0041] The present invention will now be described with reference to the
accompanying drawings. In the drawings, like reference numbers can indicate
identical or functionally similar elements. 11 DETAILED DESCRIPTION [0042]
In one embodiment of the present invention provides a blazing portion in  a
section of an array of individually controllable elements (e.g., a contrast
device).  All the elements in the blazing portion have their individually
controllable  elements positioned at a same angle, which forms the blazing
portion. In one  example, this can be accomplished through use of a
super-pixel. The blazing  portion is used to increase light intensity in a
first diffraction order a beam  modulated by the array. This is accomplished
by substantially eliminating a  negative first diffraction order modulated
beam, such that the positive first  diffraction order modulated beam has, in
effect, about equal to or more than twice  the intensity compared to a
typical positive first diffraction order modulated  beam. For example, when
using a 2,14 tip deflection, substantially all of the  incident light is
reflected in the first diffraction order. [0043] In another embodiment,
instead of a first diffraction order, a higher  diffraction order can be
used by higher tip deflection. For instance, all the light is  concentrated
in the second diffraction order for X/2 tip deflection. It is to be
appreciated that all the light is concentrated in the n-th diffraction order
upon n  times X/4 tip deflection. [0044] In another embodiment,
perpendicular projection is accomplished by  directing light onto the array
at a diffraction order of interest (which is used  within the projection
part), where the light can also impinge on a blazing portion  of the array,
such that the projected light leaves the contrast device perpendicular.
[0045] Thus, in one example, through use of a blazing portion it is possible
to  concentrate substantially all of the diffracted energy in the order of
interest (e.g., a  



diffraction order) towards a substrate. [0046] In another embodiment,
"partial coherent imaging" mode can be used,  during which the array of
individually controllable elements is imaged at the  substrate, however no
super-pixels are used. Overview and Terminology 12  [0047] The use of
"object," "substrate," "work piece," or the like are interchangeable in this
application, and can be, but are not limited to, a work  piece, a substrate
(e.g., a flat panel display glass substrate), a wafer (e.g., a
semiconductor wafer for integrated circuit manufacture), a print head, micro
or  nano-fluidic devices, a display panel in a projection display system, or
the like. [0048] The terms "contrast device," "patterning device,"
"patterning array," or  "array of individually controllable elements" used
herein should be broadly  interpreted as referring to any device that can be
used to modulate the cross- section of a radiation beam such as to create a
pattern in a target portion of a  substrate (e.g., object). 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. Similarly, the pattern eventually generated on the
substrate may not correspond to the pattern formed at any one instant on the
array  of individually controllable elements. This can be the case in an
arrangement in  which the eventual pattern formed on each part of the
substrate is built up over a  given period of time or a given number of
exposures during which the pattern on  the array of individually
controllable elements and/or the relative position of the  substrate
changes. Generally, the pattern created on the target portion of the
substrate 114/214/314i11 correspond to a particular functional layer in a
device  being created in the target portion, such as an integrated circuit.
The terms "light  valve" and "Spatial Light Modulator" (SLM) can also be
used in this context.  Examples of such patterning devices include: [0049] A
programmable mirror array. This can comprise a matrix-addressable  surface
having a viscoelastic (e.g., having viscous as well as elastic properties)  



control layer and a reflective surface. The basic principle behind such an
apparatus is that, for example, addressed areas of the reflective surface
reflect  incident light as diffracted light, whereas unaddressed areas
reflect incident light  as undiffracted light. Using an appropriate spatial
filter, the undiffracted light can  be filtered out of the reflected beam,
leaving only the diffracted light to reach the  substrate. In this manner,
the beam becomes patterned according to the  addressing pattern of the
addressable surface. 13  [0050] It will be appreciated that, as an
alternative, the filter can filter out the diffracted light, leaving the
undiffracted light to reach the substrate. [0051] An array of diffractive
optical MEMS devices (Micro Electro-Mechanical  Systems) can also be used in
a corresponding manner. Each diffractive optical  MEMS device is comprised
of a plurality of reflective ribbons that can be  deformed relative to one
another to form a grating that reflects incident light as  diffracted light.
[0052] A further alternative embodiment of a programmable mirror array
employs a matrix arrangement of tiny mirrors, each of which can be
individually  tilted about an axis by applying a suitable localized electric
field, or by employing  piezoelectric actuation means. Once again, the
mirrors are matrix-addressable,  such that addressed mirrors will reflect an
incoming radiation beam in a different  direction to unaddressed mirrors; in
this manner, the reflected beam is patterned  according to the addressing
pattern of the matrix-addressable mirrors. The matrix  addressing can be
performed using suitable electronic means. Mirror arrays are  described in,
for example, United States Patents 5,296,891 and 5,523,193, and  PCT patent
applications WO 98/38597 and WO 98/33096, which are  incorporated herein by
reference in their entireties. [0053] The lithographic apparatus can
comprise one or more patterning arrays.  For example, it can have a
plurality of arrays of individually controllable  elements, each controlled
independently of each other. In such an arrangement,  some or all of the
arrays of individually controllable elements can have at least  one of a
common illumination system (or part of an illumination system), a  



common support structure for the arrays of individually controllable
elements and  a common projection system (or part of the projection system).
[0054] 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 can be considered as synonymous with  the more
general term "projection system". 14  [0055] The projection system can image
the pattern on the array of individually controllable elements, such that
the pattern is coherently formed on the substrate.  Alternatively, the
projection system can image secondary sources for which the  elements of the
array of individually controllable elements act as shutters. In this
respect, the projection system can comprise an array of focusing elements,
such as  a micro lens array (known as an MLA) or a Fresnel lens array, e.g.,
to form the  secondary sources and to image spots onto the substrate. In
such an arrangement,  each of the focusing elements in the array of focusing
elements can be associated  with one of the individually controllable
elements in the array of individually  controllable elements. Alternatively,
the projection system can be configured  such that radiation from a
plurality of the individually controllable elements in the  array of
individually controllable elements is directed to one of the focusing
elements in the array of focusing elements and from there onto the
substrate. [0056] As herein depicted in the figures below, the apparatus is
of a reflective  type (e.g., employing a reflective array of individually
controllable elements).  Alternatively, the apparatus can be of a
transmissive type (e.g., employing a  transmissive array of individually
controllable elements). [0057] The lithographic apparatus can be of a type
having two (e.g., dual stage)  or more (e.g., multiple stage) substrate
tables. In such "multiple stage" machines  the additional tables can be used
in parallel, or preparatory steps can be carried  out on one or more tables
while one or more other tables are being used for  



exposure. [0058] The lithographic apparatus can also be of a type wherein at
least a portion  of the substrate can be covered by an "immersion 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
can also be applied to other spaces in the  lithographic apparatus, for
example, between the contrast device 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. 15  [0059] Although specific reference can be
made in this text to the use of lithographic apparatus in the manufacture of
ICs, it should be understood that the  lithographic apparatus described
herein can have other applications, such as the  manufacture of integrated
optical systems, guidance and detection patterns for  magnetic domain
memories, flat-panel displays, liquid-crystal displays (LCDs),  thin-film
magnetic heads, etc. The skilled artisan will appreciate that, in the
context of such alternative applications, any use of the terms "wafer" or
"die"  herein can be considered as within the scope of the more general
terms  "substrate" or "target portion," respectively. The substrate referred
to herein can  be processed, before or after exposure, in for example a
track (a tool that typically  applies a layer of resist to a substrate and
develops the exposed resist), a  metrology tool and/or an inspection tool.
Where applicable, the disclosure herein  can be applied to such and other
substrate processing tools. Further, the substrate  can be processed more
than once, for example in order to create a multi-layer IC,  so that the
term substrate used herein can also refer to a substrate that already
contains multiple processed layers. [0060] Although specific reference can
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
can be used in other applications, for example  



imprint lithography, where the context allows, and 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 can be  pressed into a layer of resist supplied to the
substrate 114/214/314hereupon 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. [0061] In another example, the invention can 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. 16 Exemplary Environment
[0062] FIG. 1 schematically depicts a lithographic projection apparatus 100,
according to one embodiment of the present invention. Apparatus 100 includes
at  least a radiation system 102, an array of individually controllable
elements 104  (e.g., a contrast device or patterning device), an object
table 106 (e.g., a substrate  table), and a projection system ("lens") 108.
[0063] Radiation system 102 can be used for supplying a beam 110 of
radiation  (e.g., UV radiation, 248 nm, 193 nm, 157 nm, EUV radiation, e.g.,
10-13 rim,  etc.), which in this particular case also comprises a radiation
source 112. [0064] An array of individually controllable elements 104 (e.g.,
a programmable  mirror array) can be used for applying a pattern to beam
110. In general, the  position of the array of individually controllable
elements 104 can be fixed  relative to projection system 108. However, in an
alternative arrangement, an  array of individually controllable elements 104
canbe connected to a positioning  device (not shown) for accurately
positioning it with respect to projection system  108. As here depicted,
individually controllable elements 104 are of a reflective  type (e.g., have
a reflective array of individually controllable elements). [0065] Object
table 106 can be provided with a substrate holder (not specifically  



shown) for holding a substrate 114 (e.g., a resist coated silicon wafer or
glass  substrate) and object table 106 can be connected to a positioning
device 116 for  positioning substrate 114 with respect to projection system
108. [0066] Projection system 108 (e.g., a quartz and/or CaF2 lens system or
a  catadioptric system comprising lens elements made from such materials or
a  mirror system) can be used for projecting the patterned beam received
from a  directing device 118 (e.g., a beam splitter). [0067] Light is
directed from directing device 118 onto a target portion 120 (e.g.,  one or
more dies) of substrate 114. Projection system 108 can project an image  of
the array of individually controllable elements 104 onto substrate 114.
[0068] The illumination 124 can comprise an adjusting device 128 for setting
the  outer and/or inner radial extent (commonly referred to as (a-outer and
a-inner,  respectively) of the intensity distribution in beam 122. In
addition, illuminator 17  124 will generally include various other
components. In this example, element  130 could be an integrator 130 and
element 132 could be a condenser 132,  compared to the example discussed
above. In this way, beam 110 impinging on  the array of individually
controllable elements 104 has a desired uniformity and  intensity
distribution in its cross section. 100691 It should be noted, with regard to
FIG. 1, that source 112 can be within the  housing of lithographic
projection apparatus 100. In alternative embodiments,  source 112 can be
remote from lithographic projection apparatus 100. In this  case, radiation
beam 122 would be directed into apparatus 100 (e.g., with the aid  of
suitable directing mirrors). It is to be appreciated that both of these
scenarios  are contemplated within the scope of the present invention.
10070] Beam 110 subsequently intercepts the array of individually
controllable  elements 104 after being directed using directing device 118.
Having been  reflected by the array of individually controllable elements
104, beam 110 passes  through projection system 108, which focuses beam 110
onto a target portion 120  of the substrate 114. 100711 With the aid of
positioning device 116 (and optionally interferometric  



measuring device 134 on a base plate 136 that receives interferometric beams
138  via beam splitter 140), substrate table 6 can be moved, so as to
position different  target portions 120 in the path of beam 110. Where used,
the positioning device  (not shown) for the array of individually
controllable elements 104 can be used to  correct the position of the array
of individually controllable elements 104 with  respect to the path of beam
110, e.g., during a scan. In general, movement of  object table 106 is
realized with the aid of a long-stroke module (course  positioning) and a
short-stroke module (fine positioning), which are not explicitly  depicted
in FIG. 1. A similar system can also be used to position the array of
individually controllable elements 104. It will be appreciated that beam 110
can  alternatively/additionally be moveable, while object table 106 and/or
the array of  individually controllable elements 104 can have a fixed
position to provide the  relative movement. 10072] In an alternative
configuration of the embodiment, substrate table 106 can  be fixed, with
substrate 114 being moveable over substrate table 106. Where this 18  is
done, substrate table 106 is provided with a multitude of openings on a flat
uppermost surface, gas being fed through the openings to provide a gas
cushion  which is capable of supporting substrate 114. This is
conventionally referred to  as an air bearing arrangement. Substrate 114 is
moved over substrate table 106  using one or more actuators (not shown),
which are capable of positioning  substrate 114 with respect to the path of
beam 110. Alternatively, substrate 114  can be moved over substrate table
106 by selectively starting and stopping the  passage of gas through the
openings. [0073] Although lithography apparatus 100 according to the
invention is herein  described as being for exposing a resist on a
substrate, it will be appreciated that  the invention is not limited to this
use and apparatus 100 can be used to project a  patterned beam 110 for use
in resistless lithography. [0074] The depicted apparatus 100 can be used in
a plurality of modes: [0075] 1. Step mode: the entire pattern on the array
of individually  controllable elements 104 is projected in one go (i.e., a
single "flash") onto a  



target portion 120. Substrate table 106 is then moved in the x and/or y
directions  to a different position for a different target portion 120 to be
irradiated by  patterned beam 110. [0076] 2. Scan mode: similar to step
mode, except that a given target portion  120 is not exposed in a single
"flash." Instead, the array of individually  controllable elements 104 is
movable in a given direction (the so-called "scan  direction", e.g., the y
direction) with a speed v, so that patterned beam 110 is  caused to scan
over the array of individually controllable elements 104.  Concurrently,
substrate table 106 is simultaneously moved in the same or  opposite
direction at a speed V = Mv, in which M is the magnification of  projection
system 108. In this manner, a relatively large target portion 120 can be
exposed, without having to compromise on resolution. [0077] 3. Pulse mode:
the array of individually controllable elements 104 is  kept essentially
stationary and the entire pattern is projected onto a target portion  120 of
substrate 114 using pulsed radiation system 102. Substrate table 106 is
moved with an essentially constant speed such that patterned beam 110 is
caused  to scan a line across substrate 106. The pattern on the array of
individually 19  controllable elements 104 is u104/204ated as between pulses
of radiation system  102 and the pulses are timed such that successive
target portions 120 are exposed  at the locations on substrate 114.
Consequently, patterned beam 110 can scan  across substrate 114 to expose
the complete pattern for a strip of substrate 114.  The process is repeated
until complete substrate 114 has been exposed line by  line. [0078] 4.
Continuous scan mode: similar to pulse mode except that a  substantially
constant radiation system 102 is used and the pattern on the array of
individually controllable elements 104 is u104/204ated as patterned beam 110
scans across substrate 114 and exposes it. [0079] In these first four
exemplary modes, "partial coherent imaging" is  typically performed for
integrated circuit formation. Using this imaging, each  element in an array
of individually controllable elements has a unique tilt. The  



array is positioned at the object plane and the substrate is positioned at
the image  plane of the imaging projection optics. Various illumination
modes can be  applied: annular, conventional, quadrupole, dipole etc. Also,
different  configurations for each element in an array of individually
controllable elements  can be used to increase the "negative black" values:
phase step mirrors, applying  larger tilts, shaping the minors (butterfly,
H-shape), or the like. [0080] Combinations and/or variations on the above
described modes of use or  entirely different modes of use can also be
employed. 100811 FIG. 2 depicts a lithographic apparatus 200, according to
one embodiment  of the present invention. For example, apparatus 200 can be
especially useful in  the manufacture of flat panel displays using a pixel
grid imaging mode, discussed  below. [0082] Projection system 208 can
project images of secondary sources for which  the elements of the array of
individually controllable elements 204 act as shutters.  [0083] In an
imaging grid array embodiment, projection system 208 can also comprise a
micro lens array (MLA) to form the secondary sources and to project
microspots onto substrate 214. [0084] Source 212 (e.g., a frequency tripled
Nd:YAG laser in pixel grid imaging  mode or an excimer laser in other modes)
can produce a beam of radiation 222. 20  Beam 222 is fed into an
illumination system (e.g., illuminator) 224, either directly  or after
having traversed conditioning device 226, such as a beam expander, for
example. [00851 In one example, when apparatus 200 is operating in a pixel
grid imaging  mode, discussed below, illuminator 224 can comprise an
adjusting device for  setting a zoom to adjust a spot size of beam 222. In
addition, illuminator 224 will  generally include various other components,
such as spot generator and a  condenser. For example, spot generator can be,
but is not limited to, a refractive  or diffractive grating, segmented
mirrors arrays, waveguides, or the like. In this  way, beam 210 impinging on
the array of individually controllable elements 204  has a desired zoom,
spot size, uniformity, and intensity distribution in its cross  



section. [00861 As shown in FIG. 2, projection system 208 includes a beam
expander,  which comprises two lenses 250 and 252. First lens 250 is
arranged to receive a  modulated radiation beam 210 and focus it through an
aperture in an aperture stop  254. In one example, a lens 256 is located in
the aperture. Radiation beam 210  then diverges and is focused by second
lens 252 (e.g., a field lens). [00871 Projection system 208 further
comprises an array of lenses 258 (e.g., a  microlens array (MLA)) arranged
to receive expanded modulated radiation 210.  Different portions of the
modulated radiation beam 210, corresponding to one or  more of the
individually controllable elements in a patterning or contrast device  204,
pass through respective lenses 260 in MLA 258. Each lens 260 focuses the
respective portion of the modulated radiation beam 210 to a point which lies
on a  substrate 214. In this way, an array of radiation spots 262 are
exposed onto  substrate 214. Although only eight lenses 260 are shown, MLA
258 can comprise  many thousands of lenses, which is also true of a number
of individually  controllable elements in the array of individually
controllable elements used as  patterning or contrast device 204. [00881 The
system in FIG. 2 allows for another mode of operation, Pixel Grid  Imaging
Mode. In this mode the pattern formed on substrate 214 is realized by
subsequent exposure of spots formed by spot generator 130 that are directed
onto  array 204. The exposed spots have substantially the same shape. On
substrate 21  214 the spots are printed in substantially a grid. In one
example, the spot size is  larger than a pitch of a printed pixel grid, but
much smaller than the exposure  spot grid. By varying intensity of the spots
printed, a pattern is realized. In  between the exposure flashes the
intensity distribution over the spots is varied. [0089] In one example,
using this mode, which is typically used for formation of  flat panel
displays, individually controllable elements can be grouped into super-
pixels. One super-pixel modulates the light of one spot at the substrate.
The  super-pixel is imaged at the entrance of an MLA in the exit pupil of
each spot  printed. The spot shape can be influenced by the illuminator
through use of spot  



defining element (e.g., spot generators), zoom of blazing functions, or the
like. [0090] FIG. 3 illustrates schematically how a pattern on a substrate
314 is  generated, according to one embodiment of the present invention. For
example,  this embodiment can be performed using the pixel grid imaging mode
discussed  above. [0091] The darkened circles 362 represent spots recently
projected onto substrate  314 by a MLA in a projection system, for example
the projection system as  shown in FIG. 2. Substrate 314 is moved relative
to the projection system in a Y  direction as a series of exposures are
exposed on substrate 314. [0092] The open circles 364 represent spots that
have previously been exposed on  substrate 314. As shown, each spot 362
projected onto substrate 314 using the  array of lenses within the
projection system exposes a row 366 of spot exposures  362/364 on substrate
314. The complete pattern for substrate 314 is generated by  the sum of all
the rows 366 of spot exposures 364 exposed by each of the spots  362. Such
an arrangement is commonly referred to as "pixel grid imaging,"  which was
discussed above. [0093] It can be seen that the array of radiation spots 362
is arranged at an angle 0  relative to substrate 314 (i.e., when the edges
of the substrate 314 lie parallel to  the X and Y directions). This is done
so that when substrate 314 is moved in a  scanning direction (e.g., the
Y-direction), each radiation spot 362 will pass over a  different area of
substrate 314, thereby allowing the entire substrate to be covered  by the
array of radiation spots. It will be appreciated that for ease of
illustration  the angle 0 is exaggerated in FIG. 3. 22  [0094] It is to be
appreciated that although 5x5 spots are shown in between two neighboring
spots of the MLA, in one example up to about 100 x 100 spots can  be used.
[0095] hi one example, a spot grid at a substrate is about half a minimum
linewidth to be printed (e.g., from about 0.1 microns up to a few microns),
while  a spot pitch at a MLA is about 100 micrometers up to about a few
hundred  micrometers. 



[0096] FIG. 4 shows schematically how an entire flat panel display substrate
414  is exposed in a single scan through use of a plurality of optical
engines, according  to one embodiment of the present invention. Eight arrays
468 of radiation spots  are produced by eight optical engines (not shown),
arranged in two rows 470,472  in a "chess board" configuration, such that
the edge of one array of radiation spots  slightly overlaps (e.g., in the
scanning direction Y) with the edge of the adjacent  array of radiation
spots. In this example, a band of radiation extends across a  width of
substrate 414, allowing exposure of the entire substrate to be performed  in
a single scan. It will be appreciated that any suitable number of optical
engines  can be used. [0097] In one example, each optical engine can
comprise a separate illumination  system, patterning device, and/or
projection system, as described above. It is to  be appreciated, however,
that two or more optical engines can share at least apart  of one or more of
the illumination system, patterning device, and projection  system. [0098]
Each optical engine can comprise a separate illumination system,  patterning
device, and projection system, as described above. It is to be  appreciated,
however, that two or more optical engines can share at least a part of  one
or more of the illumination system, patterning device and projection system.
[0099] In order to manufacture a product using a lithographic process, a
resist is  uniformly applied to the surface of a substrate. A pattern of
radiation is then  exposed on the resist such that some regions on the
resist receive relatively high  doses of radiation, while other regions of
the resist receive relative low doses of  radiation. The resist above a
given radiation dose threshold reacts and its stability  is changed. After
the exposure process, the substrate is subjected to further 23  processing
operations, which remove the resist that has not reacted. Accordingly,  the
resist remains on the substrate in the regions that received a radiation
dose  above the given threshold, but is removed from the regions that
received a  radiation dose below the threshold, exposing the substrate.
Accordingly, the  resist remains on the substrate in the regions receiving
relatively high radiation  



doses and is removed from the regions on the substrate receiving a
relatively low  radiation dose. Therefore, by applying an appropriate
pattern to the radiation  beam exposing the substrate, it is possible to
generate a substrate 114/214/3 l4ith  a pattern of regions of exposed
substrate and regions covered by the resist.  Subsequent processing steps
are then performed to form part of the device on the  substrate. For
example, if a metal layer is applied to the substrate before the  resist,
the metal layer that is not protected by the patterned resist layer can be
etched away. Accordingly, once the resist is removed, the substrate is left
with a  metal layer patterned according to the resist pattern, e.g.,
according to the pattern  of the radiation beam. [00100] It will be
appreciated that a lithographic system is not limited to the  examples
described above. For example, so-called 'negative resists' can be used.
When negative resist is used, radiation exposure of the resist makes it less
stable.  Accordingly, it is the resist that receives a radiation dose above
a given level that  is removed in the post-exposure processing. Accordingly,
the pattern of resist  remaining on the substrate corresponds to the regions
on the substrate that  receives a radiation dose below a given threshold.
Similarly, the pattern of resist  on the substrate can be used for a variety
of purposes. For example, the exposed  regions of the substrate (i.e., those
not protected by a layer of resist) can be  subjected to processing steps
such as ion implantation. [001011 The product pattern to be created on the
substrate can be defined using a  vector design package, such as GDSH. In a
maskless system, the output file from  such a design package is processed in
order to derive a control signal suitable for  controlling the patterning
device so that it reproduces a requested dose-map of  radiation on the
substrate as accurately as possible. Where the patterning device  comprises
an array of individually controllable elements, the control signal  contains
information to manage switching of each element of the array of 24
individually controllable elements for each flash of the radiation to be
patterned  by the array (e.g., typical strobe frequencies being in the
region of 50 kHz for this  application). Part of the processing can be
carried out before exposure of the  



substrate begins (e.g., this is known as off-line image processing) and/or
part of  the processing can be carried out simultaneously or during a short
period of time  (e.g., a few seconds) immediately before the corresponding
exposure (e.g., this is  known as in-line processing). Due to the enormous
volume of data, in-line  processing has to be managed carefully in order
that the control signal can be  provided at an acceptable speed and
reasonable cost to the patterning device. [001021 Figure 5 depicts a
data-path 510 with data manipulation devices,  according to one embodiment
of the present invention. Data-path 510 notionally  incorporates all data
processing and transmission components that together allow  the requested
dose-map (as defined by a user via an input device 504) to be  transferred
to the patterning device 104/204 in an appropriate form. The data- path 5 10
comprises one or more data manipulation devices, each configured to  analyse
an incoming data stream comprising a (usually partly processed) version  of
the requested dose-map and output the signal to the patterning device
104/204  or to devices that will process the data stream further before
passing it on to the  patterning device 104/204. For example, an
"inverse-optics" data manipulation  device 512 (termed thus because it is
concerned primarily with the consequences  of the optical arrangement of the
projection system) can be provided that is  configured to calculate, for
each pixel of the requested dose-map (which can for  example be defined on a
grid of points relative to the substrate 114/214/314), the  intensity from
contributing pixels or groups of pixels in the patterning device  104/204 in
order to produce spot exposures SE with the appropriate dose. The
inverse-optics device 512 then forwards data towards the patterning device
104/204 in such a way that the requested dose-map can be built up over time
as  the array of radiation spots S moves over the surface of the substrate
114/214/314. [001031 For each grid point on which the requested pattern is
defined, the inverse- optics device 512 has to deal with spot exposure
intensity data for a number of  spot 364 in the region of the grid point.
This information is in turn derived from 25  the requested pattern in the
region of the grid point. In general, a "context radius"  



can be defined about any given grid point in the requested pattern, which
defines  the region of the requested pattern that has to be considered when
calculating how  to achieve the desired pattern at the grid point in
question to a particular accuracy.  The size of the context radius will
depend on the shape and positional deviation  (from perfectly defined grid
positions) of the point-spread function for the spot  364. It will typically
be chosen to be several times the spot pitch and/or full  width half maximum
(FWHM) of the point spread function of each of the spots  printed, which
might therefore extend over several microns. Other data  manipulation
devices, such as the "inverse-patterning-device" data manipulation  device
514, will be described below. 1001041 In a typical application, the number
of features to be written to the  substrate 114/214/314 is enormous and data
representing the whole requested  dose pattern will not be available at any
one time to hardware in the data-path 5 10  feeding the patterning device
104/204. As shown in Figure 5, a rasterizer device  506 can be provided that
converts the descriptive representation of the desired  pattern input by a
user via device 504 into a sequence of data that substantially  corresponds
to a sequence of spot 364 to be formed on the substrate 114/214/314  (not
necessarily the same sequence in which the spot 364 will actually be
produced - see below). Data representing the rasterized requested dose
pattern is  forwarded progressively over a period of time by the rasterizer
5 06 over the data- path 5 10 (broken line portions in the data-path
represent sections which could  comprise other data manipulation devices
dealing with other aspects of the  patterning process) until all of the
requested pattern has been written onto the  substrate 114/214/314. 1001051
The requested dose-map can be expressed as a column vector comprising
elements that represent the dose at each one of a number of grid positions
defined  on the substrate 114/214/314. The grid positions in the requested
dose-map can  be specified relative to their coordinates in the metrology
frame coordinate  system: xmF, ymF. As mentioned above, this requested
dose-map is to be built up  from a collection of spot 364. Each of these
spot 364 will have a certain point- spread function, which describes the
cross-sectional spatial dependence of their 



26  intensity. In addition, there will be variations in the positions of
each of the spots  from their expected positions in the spot grid due to
irregularities in the micro- lens array MLA used to focus the spots. Both
the spot positions and the spot  point-spread function shapes can be input
to the inverse-optics device 512 via a  calibration data storage device 502.
[001061 The process of forming an image in this way is referred to as pixel
grid  imaging. Mathematically, the requested dose-map is set to be equal to
a sum over  all possible spot 364 of intensity at each spot multiplied by a
point-spread  function for each spot. This can be written as the following
equation: all exposed spots D(xw,yw) E I~ - PSFo ((XNff - X.), (YN. - Yj)  n
[001071 where 1. represents the individual spot exposure "intensity" for
spot n (it  is conventional to refer to an "intensity" but, as this is
normally proportional to  energy dose, the parameter is sometimes expressed
in Joules), PSF~ ((XMF - X~),  UNIF - y,)) represents the point-spread
function (the dose contribution at location  XMF - x. and YMF - Y, of spot
n), x, and y, indicate the position of an individual  exposed spot and
D(XMF, YMF) represents the requested dose-map in the  coordinates of the
metroframe supporting the lithographic apparatus. [001081 The inverse-optics
device 512 is configured to solve the following: given  the requested
dose-map and the point-spread function information (which is  provided as
calibration data), what are the individual spot exposure intensities (or
corresponding desired sub-beam intensities) that need to be provided to
image the  requested dose-map as accurately as possible. [00109] The above
equation can be re-written in vector/matrix form as follows: [D] = [K] -
[1], [001101 where the column vector [D] represents the discrete (i.e.,
specified on  specific substrate grid positions only) requested dose-map,
the column vector [1]  represents the individual spot exposure intensities
and the matrix [K] represents  the discrete point-spread functions. 



27  [00111] Matrix [K] contains information on each individual spot exposure
point spread function (both position and shape). Therefore, according to the
present  embodiment, the following information is used in order to generate
the matrix  [K]: 1) scan speed/laser strobe frequency; 2) micro-lens array
spot positions; 3)  micro-lens array point spread function shape (the spot
point spread function of the  whole optical system, both projection/SLM and
illumination); and 4) rotational  position of the micro-lens array with
respect the substrate scan direction (stage Y- axis). [00112] In order to
solve the above, the inverse-optics device 512 is arranged to  determine the
individual exposed spot intensities such that [D] - [K]  [I] is  minimized.
In order to assess this minimum, a normalization is used. Due to the  fact
that this approach must be applied in a pipeline environment (because not
all  of the spot exposures on the substrate are written at the same time)
and the fact  that one MLA spot is used to print many spot 364 (using many
different laser  pulses), it is to use the universal normalisation, in which
specific knowledge of  the requested pattern cannot be used. Use of such
specific knowledge could in  principle be incorporated but would lead to a
large increase in the cost of the  apparatus. [00113] A least squares
approach is therefore suitable and the to be solved by the  inverse-optics
device 512 can therefore be expressed as: mina II[D] - [K]' [I]II2 . [00114]
Several approaches have been used for solving least squares s of this
general type. These can be classed as follows: 1) Geometric, using Jacobians
(this is an iterative approach), etc.; 2) Algebraic, using an iterative
approach (e.g.  Gauss-Seidel); and 3) Algebraic, using a direct approach
(e.g. Gauss-Jordan,  using a matrix inverse). [00115] In one example, a
method of the present embodiment falls into the third of  these classes. It
can be fast (once the inverse matrix has been determined)  relative to
options that require iteration, and allows the least squares fit to be
carried out effectively in real time. In addition, it displays deterministic
behavior,  



which allows predictable convergence and speed under a greater variety of 28
conditions. With iterative schemes, in contrast, it is often not possible to
predict  with great accuracy how long it will take for the solution to
converge within  acceptable error limits. Furthermore, round offs due to
limited word size in the  data-path hardware are minimal for this approach
due to the avoidance of re-use  of intermediary results. Finally, there are
implementation benefits because the  difficult preparation calculations
(matrix inversion, etc.) can be performed offline  in a large word size
domain, e.g., a floating point domain, rather than having to  carry out
extra calculations during the actual imaging process (when the data path  is
already processing a large volume of data). [001161 One facet of the present
embodiment is that the matrix [K] is not square.  It has a size determined
by the number of spot exposures n and the number of  discrete grid points at
which the requested dose-map is specified (the length of  column vector
[D]). Therefore, it may not be possible to calculate the inverse of  the
matrix [K] using standard mathematical techniques. However, it is possible
to proceed by calculating a "pseudo-inverse" (see, e.g., "Linear Algebra and
its  Applications," Third Edition, Gilbert Strang, pages 449 and 450, which
is  incorporated by reference in its entirety). In the description that
follows, the  pseudo-inverse is denoted as [K]+. The Moore-Penrose
definition of the pseudo- inverse can be used, for example, but other
analogous definitions can also be  suitable. [00117] The Moore-Penrose
matrix inverse is a special case of a general type of  pseudo-inverse known
as a "matrix 1-inverse". It is sometimes referred to as the  "generalized
inverse", or simply the "pseudoinverse". The Moore-Penrose  inverse [K]' of
a matrix [K] satisfies the following relations (for real valued  matrices):
[K] [Kl+[K] = [K] ,  [K]'[KI [K]' _ [K]', ([K] [K] )T = [K] [K]' , and
([K]' [K])T = [K]' [K] 



29  [00118] The shortest least squares solution to the [D] = [K]. [I] (which
was expressed as mint II[D]- [K]  [I]II2' see above) can be written in the
following  form: [I]=[K]'[D]. [00119] If the inverse of ([KIT[K])exists,
then the pseudo-inverse[K]' can be  expressed as: [K]' = ([K]T[K])-'[K]T,
[00120] where [K]T is the matrix transpose. This can be seen by
pre-multiplying  both sides of the equation [D] = [K]  [I] by [K]T to create
a square matrix  ([K]T[K]) , which can be inverted normally, giving: [I] =
([K]T[K])-'[K]T  [D] _ [K]'  [D]. [00121] Avoiding negative intensity
solutions in the direct algebraic least-squares  fit, sub-spot-exposure-grid
position dependence and pattern angular dependence [00122] The requested
dose map (which can equal to the rasterized Flat Panel  Display pattern, for
example) is frequently designed to produce sharply defined  resist features.
The corresponding dose patterns are built up from spot 364  (which can be
Gaussian shaped, for example) and fitting routines (such as the
least-squares fit discussed above) will generally yield solutions with
negative  intensity components (i.e., spot 364 that would tend to cause a
reduction in dose  at points on the substrate 114/214/314 on which they
fall). Unfortunately,  negative contributions may not be possible in systems
where neighboring spot  364 are formed incoherently (e.g., because they
arrive at different times) because  the associated sub-beams of radiation
cannot interfere destructively with each  other. The dose at a given point
on the substrate 114/214/314 is then built up  from a sum of intensities
from different sub-beams rather than a sum of  amplitudes. [00123] The
negative intensity components can be neglected (set to zero, for  example)
but this leads to a fit that reproduces the requested dose pattern only to
a limited accuracy. [00124] A related issue is that of unwanted position
dependence in the pattern  formed on the substrate 114/214/314. In
particular, there is a tendency for the 



30  requested dose pattern to be more perfectly attained near to grid
positions in the  array of spot 364. One reason why this occurs is that
errors linked to the inability  to produce negative intensity are less
pronounced in these regions relative to  points in between the grid
positions (see below). As a result of this, dense  features printed at a
period close to the grid period will suffer from a low  frequency (the
difference frequency between the period of the feature and the  period of
the grid) feature shape variation ("beating"). [00125] One of the effects of
this sub-spot-exposure-grid position dependence is  that device features
will be formed differently depending on their position and/or  orientation
relative to the grid. For example, features with edges parallel to the  grid
can be formed particularly well (if the edge lies along the grid positions
themselves) or particularly badly (if the edge lies exactly between rows of
the  grid). Features with edges at intermediate angles can be
microscopically jagged. [00126] Also, the grid of radiation spots can have a
translational or rotational  effect on the resulting pattern (especially an
image log slope variation as a  function of the position and angle with
respect to the grid of radiation spots). [00127] According to one or more
embodiments of the present invention, these  issues can be at least
partially overcome by applying a low pass filter 508 (a two  dimensional
filter, for example) to the requested dose pattern data (or derivative
thereof) to form a frequency-clipped target dose pattern that is fed into
the  inverse-optics device 512. Alternatively, the filter can be
incorporated into the  point-spread function matrix [K] to equivalent
effect. [00128] A low-pass filter can include any filter that completely or
partially  removes frequency components from a signal above a selected
threshold  frequency. The frequency cutoff can be sudden/sharp or gradual
and the shape of  the cutoff can be adjusted so as better to match the
amplitude-frequency response  of the requested dose map to the
amplitude-frequency response of the spot  exposures and/or patterning
device, for example. More generally, the filter can be  designed
specifically to match the amplitude-frequency response of the requested
dose map to the amplitude-frequency response of spot 364 and/or the
patterning  



device. 31  [001291 The development and application of the filter can be
described starting  from the equation: all exposed spots D(x,,,,y,,,,) = I
I~ - PSF ((x,. - x.), (y.. - yj) n [001301 and transforming it into the
Fourier domain. In one example, the point  spread function for each of the
spot 364 is a two-dimensional Gaussian (an  alternative example would be an
airy disc; the invention is not limited to any  particular shape of spot
exposure 364), defined as: PSF, ((x,,, - x.), (y,,. - yJ1 = I exp (X. - XJ,
+ (y  27c o-2 2-o-2 1001311 or, rewritten in terms of the
full-width-half-maximurn dfwhm : ) 4.2. In(2) ( -4-2. In(2). ((xmLA _ X~ ) 2
+ (YWA _ Y~  PSF, ((x,,, - x.), (y,,,, - yj) = __ __ exp h. 2 hn2  T;r. d~ 2
d [001321 The Fourier transform of all exposed spots D(x,,, y.) = I 1~ -
PSF. ((x,.,F - x.), (y,, - yj), n [001331 under the above assumption is: all
"posed spots - (k ~2 +ky2) - d fwh.2 I~ - exp(- jx.kx - jy.k,,) - exp -
ln(2)  16  1001341 where kx and ky are the two-dimensional angular spatial
frequencies and b is the Fourier transform of D(x.,y.) . 1001351 This last
equation shows that the pattern position information is  represented in the
phase of b and the shape information in the amplitude.  [001361 The spatial
filter F is applied as ~ - b (i.e., a multiplication in the Fourier 



domain). The operation can also be viewed as a convolution between a
corresponding non-Fourier transformed filter F and D(x,, y .. ) . [001371
The filter should not influence the pattern position information.
Therefore, the filter should be chosen to have a linear phase behavior. For
32  example, symmetrical FIR (Finite Impulse Response) filters (for the
purposes of  this application, a convolution with a symmetrical shape is
considered to fall  within this class), which have a suitable linear phase
behavior, can be used. Any  resulting phase effect of such filters can be
made zero by applying an additional  translation. [00138] The filter should
not normally affect the size/dose of the pattern shapes, so  the DC filter
gain is normally chosen to be 1. [00139] As discussed above, one of the
issues with the amplitude-frequency  response of the spot 364 is that it is
not possible to create negative light (i.e.  negative amplitudes) with
incoherent imaging (although this is possible with  coherent imaging). A
further issue is that the frequency response of the spot 364  varies
according to the position of the pattern with respect to individual spot
exposure grid positions (i.e., this is one cause of the sub-exposure-grid
position  dependence mentioned above). This means that a filter designed to
work for dose  pattern elements in one part of the sub-exposure-grid may not
work as effectively  for dose pattern elements defined at other positions in
the sub-exposure-grid. [00140] The extent to which sub-exposure-grid
position dependence is an issue  will, in general, depend on the nature of
the spot exposure grid. The rectilinear  nature of device elements, for
example, means that square/rectangular spot  exposure grids (where a unit
cell with square or rectangular symmetry can be  identified) are more likely
to suffer due to the increased likelihood of device  elements or edges lying
along "worst case" lines in the exposure grid (see below  for what is meant
by "worst case"). In such a scenario, it is desirable to configure  the
filter 508 to cope with "worst case" points in the sub-exposure-grid. On the
other hand, the effect of sub-exposure-grid variation on device structures
in other  exposure grid geometries (such as hexagonal or quasi-hexagonal,
for example)  



can tend to average out so that a lighter filter can be used, configured to
cope  merely with an average rather than a "worst case" position. By
quasi-hexagonal  geometry, what is meant is an arrangement derivable by a
simple scaling along x  and/or y from pure hexagonal geometry (pure
hexagonal geometry being defined  as a grid geometry that can be built up
from unit cells with hexagonal symmetry  33  similar to a 2D "close-packed"
structure). In. general, the appropriate strength of  the filter 508 will
depend on the particular spot exposure grid geometry. [001411 According to
one example, a filter 508 is developed based on the Fourier  transform of
the spot exposure grid impulse response (this refers to the response  of the
spot exposure grid to a requested dose pattern consisting of a Dirac delta-
function at a particular point). Ill general, one or more spots will be used
to  image the impulse, the number depending on the sub-exposure-grid
position and  exposure grid geometry, as discussed further below. [001421
Figure 6 depicts a portion of a square spot exposure grid and a "worst
case" position, according to one embodiment of the present invention. Figure
7  depicts a portion of a hexagonal spot exposure grid and a "Worst case"
position,  according to one embodiment of the present invention. Thus,
Figures 6 and 7  show example grid geometries (rectangular and hexagonal
respectively). For a  rectangular grid, at most four spot exposures are used
to expose an impulse  response. For a hexagonal grid, at most three spot
exposures are used to expose  an impulse response. In each case, the actual
number will depend on the sub grid  position at which the impulse response
is requested. [001431 The generalized Fourier transform of the impulse
response for a grid  (assuming a Gaussian spot shape) is all exposed spots 2
2 2 (- (k~ + k, )-d ~hm I. - exp(-jx,k, -jy.k,). exp~ 9  n 16. In(2) [001441
where k. and A~ are the two-dimensional angular spatial frequencies,  dfwhm
indicates the full width half maximum of the spot 364, 1. indicates the spot



exposure intensity of spot n, and x. and y. indicate the spot exposure
position of  spot n. [001451 If an impulse response is requested exactly on
a grid position, it is to  activate one spot exposure 364 in order to expose
it. This is referred to as a "best  case." The Fourier transform of this
best case impulse response of a spot  exposure grid is: - (k,, + k ) - dfhm
2 Hbestcase ~ eXP ( 34 [00146] A so-called worst case situation arises for a
requested impulse exactly  half-way between two exposed spots (both
hexagonal and rectangular). Examples  of these positions (indicated by "-")
are given in Figures 6 and 7. The 1- dimensional Fourier transform of this
worst case impulse response (taken along  the worst case trajectory, x, = 0)
is as follows: 1 (kx2 . ky2)  df~, n2  Hwors"~= 2exp(-j0.5kyp+j0.5kyp)exp
16ln(2) [00147] where p indicates the spot exposure grid pitch. [00148]
Figure 8 depicts a portion of a square spot exposure grid with "worst  case"
lines and "best case" positions, according to one embodiment of the present
invention. Figure 9 depicts a portion of a hexagonal spot exposure grid with
"worst case" positions and "best case" positions, according to one
embodiment of  the resent invention. Figures 8 and 9 show how worst case
("-" p ("-"best case  ("+") positions are distributed in the rectangular and
hexagonal grid geometries,  respectively. As can be seen, in the case of the
hexagonal spot exposure grid,  discrete points exhibit the worst case
impulse response behavior under specific  angles. In the case of the
rectangular spot exposure grid, worst case points lie  along continuous
lines covering the entire substrate. These lines lie at specific,  but very
common device feature angles. It can be seen that, in a rectangular grid,
the number of positions (statistically) of the worst case impulse response
far  exceeds the number of similar positions in the hexagonal spot exposure
grid.  



Therefore, the average performance of the hexagonal grid from this point of
view  is likely to be better than that of the rectangular spot exposure
grid. This  improvement is relevant for the system behavior, which is
determined by,  amongst other things, the low-pass fit filter 508 described
above. [00149] An exemplary discussion of best and worst case scenarios for
rectangular  and hexagonal spot exposure grids can be found in U.S. Ser. No.
11/018,929,  filed December 22, 2004, which is incorporated by reference
herein in its entirety. [00150] The low pass fit filter 508 can be applied
for various reasons, for example,  (1) to avoid the need for negative light;
(2) to minimize the influence of the sub- spot-exposure-grid position; and
(3) to minimize the influence of the angle 35  between an image feature and
the spot exposure grid on the resulting aerial  image. It is found that for
a hexagonal spot exposure grid, higher spatial  frequencies can be allowed
to enter the fitting algorithm of the inverse-optics  device 512 without
increasing the maximum negative solution with respect to the  case in which
a rectangular spot exposure grid is used. [00151] In one example, the filter
508 is configured to operate in a circularly  symmetric manner (with respect
to radial axes lying in the plane of the substrate)  and matches the
worst-case spot exposure grid impulse response. The extent to  which it is
used to allow for the worst-case impulse response can depend on the  shape
of the grid. In grids where worst case points lie at discrete grid positions
(rather than along lines), it can be sufficient for a weaker filter to be
used. With  different shaped grids it can be more effective to choose an
intermediate position  (relative to the worst and best case positions),
particularly where the worst case  points line at discrete positions (rather
than along lines). [00152] The filter 508, according to this example, is
also designed so as  simultaneously to maximize the performance of the pixel
grid imaging in terms of  the CD, CDU and dose uniformity (by removing just
enough of the higher  frequencies to solve the abovementioned s and,
ideally, no more). Rectangular Spot Exposure Grid Filter [00153] As
mentioned above, the 1-dimensional Fourier transform of the worst  



case impulse response can be written as: (kz2 , kY2) - dfwhm2 H~ =
2exp(-j0.5kyp+ j0.5kyp)exp 16ln(2) [00154] where p indicates the spot
exposure grid pitch. The magnitude of this  worst case impulse response
described by the above equation becomes negative at  ky = nr / 2 so that a
filter with low-pass properties, such as to suppress spatial  frequencies
greater than this value will avoid negative amplitudes. If the filter  508
is strong enough to cope with the worst case grid points, then it will also
be  sufficient to avoid negative amplitudes for other positions in the sub
exposure  grid. Using a stronger filter 508 (e.g., with a cut-off at an even
lower frequency) 36  will unnecessarily degrade the performance of the spot
exposure grid and lead to  a dose pattern of reduced resolution. Following
on from the above discussion, a suitable filter can be a two- dimensional
circularly symmetrical FIR filter, based on the following one- dimensional
truncation: Ffit filter; rect (kx = O,ky = w)I when co < IT  p  if 0 when
w>- p [00155] where co = 7r / pis the one-dimensional angular spatial
frequency  corresponding to the spot exposure grid pitch. Hexagonal Spot
Exposure Grid Filter [00156] Figure 10 depicts the hexagonal spot exposure
grid geometry and shows  an "intermediate case" position, according to one
embodiment of the present  invention. The filter for this geometry of
exposure grid can be developed starting  from the Fourier transformed
impulse response for a position exactly in between  three spots. The
position shown in Figure 10 represents the intermediate position  between
the worst and best cases (see Figure 9). The Fourier transformed  



impulse response of the central position shown is: Heental, hex = 3 exp
exp(-j*pkx)+expl j 6 pkx-j._pkyl+exp j 6 P'kx+j'2p.ky z z z  16 In(2)
[00157] where p indicates the spot exposure grid pitch. [00158] A suitable
filter in this case can be a two-dimensional circularly  symmetrical FIR
filter, based on the following one-dimensional truncation: 1t suer; hex
Hwaateeee(kx = O,ky = w)I when co < 3p  4,r 0 when w > 3p 37 [00159] where w
= 4ir/3p is the one-dimensional angular spatial frequency  corresponding to
0.75 times the spot exposure grid pitch. [00160] For both the rectangular
and hexagonal spot exposure grid filters 508  discussed above, the fitted
solution provided by the inverse-optics device 512  does not use large
negative exposed spot intensities in order to image the  requested dose map
to a high level of precision. In fact, a typical solution will  contain only
very small negative exposed spot intensities, which can be clipped to  zero.
In one example, small "stray" positive values, arising as a side effect from
the filtering process, can also be clipped to zero - these can otherwise
lead to  small but significant amounts of "stray light" in areas far away
from the edges of  pattern features. The effect of this clipping results in
some very faint dose  intensity in small parts of a region neighboring an
image feature where no light  has been requested. These positions are
typically located within a band of around  1.5 microns from the actual edge,
so that the influence on the device to be formed  can normally be neglected.
[00161] In general, the low pass filter could be arranged to operate either
partially  or completely in an offline part of the data-path, after
rasterization, or as a part of  



the rasterization process. In addition, although the above embodiments refer
to a  direct algebraic least-squares fit of the spot exposure intensities to
the frequency- clipped target dose pattern, it would also be possible to
adapt the use of the low- pass filter to the case where an
indirect/iterative approach is used. An Image Sharpening Filter [00162]
Figure 11 depicts a low-pass 1102 and sharpening filter 1104, according  to
one embodiment of the present invention. Figure 11 shows an alternative
embodiment of the invention in which the filter 508 has a split or dual
functionality, comprising a low pass filter part 1102 and a sharpening
filter part  1104. The sharpening filter 1104 can be used to improve the
definition of  features in the dose pattern, making use of the knowledge of
the product features  to be formed. In general, the sharpening filter 1104
will comprise a contribution  corresponding to the inverse of the image
feature to be sharpened (in the Fourier  domain). Taking as an example the
smallest possible circular product feature 38  (with a diameter equal to the
critical dimension CD), the sharpening filter  function can be defined as
follows in the spatial domain: 0 when xz + yz > Rs, [00163] where Rsharp is
the radius of the image feature (here, half the CD).  Transforming the image
feature into the Fourier domain yields H-2. F2  J,  R.h"p  kx + k z y kk  xz
+ [ z 001641 where J, is a Bessel function of the first kind. [00165] The
sharpening filter 1104 corresponding to this example is then the  inverse of
the amplitude frequency response of the Fourier transform of the  smallest
possible circular symmetrical image feature: 



Fsharp suer = Co Php when co < it 2/](co-Rhap P f r  Faharp filter (CO = -
when co > P P A Filter For Controlling The Image Log Slope [00166] Figure 12
depicts an image log slope filter, according to one embodiment  of the
present invention. The "image log slope" refers to the spatial dependence
of the dose pattern written to the substrate and in particular to the rate
of change  (or slope) of dose with distance dl / dx . It can be useful for a
user of the  lithography machine to be able to adjust this slope for several
reasons. Firstly, a  shallower image log slope means that features formed
after substrate processing  will tend to have more rounded edges, which can
reduce the risk of electrostatic  discharge (sparks). Secondly, a shallower
slope can make it easier to achieve  satisfactory overlap between features
on different process layers on the substrate.  Overlap generally has to be
controlled with greater precision where features  themselves are sharply
defined in any one process layer (i.e., having a steep image  log slope).
Thirdly, in flat panel displays produced by lithography, for example, 39
the viewing angle is dependent on the image log slope of individual
features. A  shallower image log slope can lead to a larger viewing angle
(perhaps at the  expense of resolution, contrast ratio, etc.), which can be
desirable for certain  applications (e.g., in television or video). [00167]
The filter 508 can comprise an image log slope filter 1202 for this
purpose. It is not generally possible in this way to adjust the contrast
above the  maximal contrast determined by the worst case spot exposure
impulse response,  so the filter will normally act to reduce the contrast.
[00168] An example image log slope filter function in the spatial domain is:
1 ir. Rs 2 



when x2 + y2 <_ Rsioa 0 when x2 + y2 > i [00169] The filter function is
determined such that the DC gain of the filter is 1.  The radius R, ,e is
the parameter that influences the image log slope. Alternatives To Filters
[00170] In one example, as an alternative to manipulating the control signal
to be  sent to the patterning device 104/204 using filters, it can also be
possible to  modify the illumination and projection optics in order to
change the spot shape.  Different spot shapes can be realized by beam
shaping and stops. Spot shapes  realized can be, for example: a Gaussian
beam (in case of multiple laser beam  propagation), an airy disk (by a
truncating aperture), a circular tophead light  distribution or a
convolution of any of the above. [00171] In one example, filters can provide
a cheaper and more easily adaptable  solution because they do not require
major additions of new types of hardware.  Instead, an increase in the
capacity of existing hardware and/or reconfiguration  can be sufficient.
Combining Filters [00172] In one example, it is possible to produce a
combined filter that performs  the functions of two or more of the filters
discussed above. In the case where the  combined filter is formed from the
low pass filter 1102, sharpening filter 1104 40  and image log slope filter
1202, the combined filter in the spatial domain is  formed by a convolution
as follows: Fwmbined filter = Ffit filter (r)Fsharp 0 Fslope [00173] where 0
represents "convoluted with" (both here and throughout the  specification).
As the convolution operation satisfies the property  f (r) g = g 0 f , the
order in which the filters are combined does not make any  difference.
[00174] In one example, the filters thus defined (combined with each other
or  otherwise) can also be combined with the pseudo-inverse matrix [K]'
(instead of  using a separate filter step that filters the requested dose
[D]) as follows: 



I11= Fwmbined filter 0 IK1'  [D] , [001751 which results in [1]=[K]'~0[D].
[00176] Filtering the kernel [K]' and not the requested dose [D] can have
the  following atttributes: a) the dynamic range of the kernel is reduced
(kernel values  are smeared out), which reduces the word size; and b) the
context radius is  reduced ( for a similar imaging performance)
substantially. [00177] In one example, the filtered kernel [K]'a",,, can be
prepared completely  off-line. At least, this is true to the extent that:
the MLA spot positions do not  vary during a single substrate exposure; the
MLA point-spread function shape  does not vary; the MLA position variation
can be compensated in the data-path;  and the scan speed and laser frequency
are constant. Filters For Applying CD Biasing [001781 In one example,
critical dimension biasing (CD biasing) is used. CD  biasing is concerned
with the step of adjusting the minimum line width according  to customer
needs. This step is frequently used because, while the line width of  the
dose pattern can be predictable to a high degree, the actual line width of
the 41  feature formed after processing is less predictable and can benefit
from  adjustment in order to achieve optimal performance. This adjustment
can be  implemented by biasing the CD (i.e., increasing the CD to form
thicker lines or  decreasing the CD to form thinner lines). [00179] In
mask-based lithographic systems, CD biasing is normally achieved by
changing the overall intensity of the radiation source. An increased
intensity for  each sub-beam of radiation tends to spread out the dose
associated with  individual pattern features, which leads to a changed CD
(CD increase is  applicable to clear aerial images, CD decrease is
applicable to dark aerial images - bright field)). This and similar
approaches have the drawback that a change in  CD induced along one axis
parallel to the substrate can be accompanied by a  corresponding change in
CD along the orthogonal axis. This limitation is not a  problem if the
customer requires equal adjustment along both the X and Y axes,  



but a higher level of optimization would generally be possible if the CD
could be  adjusted independently for each axis (e.g., change the CD along X,
but not Y).  More importantly, it would be preferable to adjust sizes and
densities on a  feature-by-feature basis, for a sub-set of, or for all,
feature types (e.g., dense,  isolated, lines, contacts etc.). [00180] Figure
13 depicts a CD biasing filter 1302, according to one embodiment  of the
present invention. Independent X and Y CD biasing is performed by  providing
CD basing filter 1302 to manipulate the control signal sent to the
patterning device 104/204, rather than the illumination dose, to change the
CD.  This method can also be used to provide a CD that varies with position
(and,  possibly, independently in X and Y) over the substrate 114/214/314.
This can be  achieved through the use of a CD biasing filter 1302 in an
analogous way to the  filters discussed above. In particular, the CD biasing
filter 1302 can be used to  modify the requested dose map data to be input
to the data manipulation device  500 (two such devices are shown for
illustrative purposes). This filtering  operation would normally be arranged
to be carried out off-line as it can be  difficult to implement such
functionality in the fitting algorithm itself (as  performed by the
inverse-optics device 512). In this example, the CD biasing  filter 1302 is
positioned before the rasterizer 506. In one example, if inline 42  control
is used, this can still be achieved (as in mask-based systems), possibly in
combination with the offline method discussed above, by varying the
intensity of  the radiation source, for example, or using a dilation/erosion
algorithm (see  above). [00181] Alternatively or additionally, CD biasing
can be applied using the  mathematical morphology operations known as
dilation and erosion. The dilution  operation can be applied to a
mathematically defined object to cause it to dilate,  or grow in size, while
erosion causes objects to shrink. The amount and manner  in which the
objects are caused to grow or shrink is specified by a so-called
structuring element. This method can be applied digitally either inline or
offline. On-The-Fly Focus Correction 



[00182] Focus correction can be achieved by varying the position of the
substrate  table WT 106/206, in response to measurements of the best focus
position, as the  substrate table WT 106/206 is moved relative to the
substrate 114/214/314. In  principle, all or part of the projection system
108/208 can also be moved to  achieve the same effect. In either case, both
translation and rotational (tilt)  displacements can be used. [00183]
Systems such as these are expensive in terms of servos and the extra
control systems that are used for an efficient implementation. In addition,
the  spatial resolution of the focus correction is limited at best by the
size of the spot  grid associated with a given MLA and optical column.
Sub-sections of the  optical column and/or substrate table 106/206 cannot
normally be moved  independently with respect to each other and the
substrate 114/214/314. In  addition, there is a limit to how quickly such
systems can respond to changes in  the best focus position due to the
inertia of the component that is to be displaced. [00184] In one example,
best focus is performed via a data-path (i.e., by  manipulating the control
signal to be fed to the patterning device 104/204). This  is possible
because the focus influences the full width half maximum of the point
spread functions for each spot exposure 364. Calculations based on
measurements of the true focus position relative to particular points on the
substrate 114/214/314 can be input as calibration data into the point spread
43  function matrix [K]. The control signal sent to the patterning device
104/204 can  thus be adapted to take account of out-of-focus regions on the
substrate  114/214/314 where the spot exposure shape will be slightly wider
than normal.  The result of such spot correction is that focus can
effectively be achieved to a  higher degree. This is due partly to the
increased spatial resolution (limited by  the size of individual spot
exposures rather than the size of the whole spot grid)  and partly by the
quicker response time (no extra mechanical movement is  performed). This can
be achieved adding any major new hardware (such as  servo/control systems),
although additional computational hardware can be used  to add the extra
capacity in the data-path 5 10. In one example, focus control in  



this way can allow a mechanical focus control apparatus to be removed or
simplified, thus reducing costs and/or space. Alternatively, a high
resolution  system can be devised using a combination of mechanical focus
control (as a  "coarse" adjustment) and data-path focus correction (as a
"fine" control). Coarse  and fine adjustment can refer to predominantly low
spatial frequency and  predominantly high spatial frequency correction
respectively. [001851 In one example, the correction applied by the
data-path can take into  account effects that remain constant from scan to
scan, for example focus  variations from lens to lens in the MLA. In this
scenario, the correction can be  implemented via offline calculations and an
offline adjustment to the point spread  function matrix [K] to be used by
the inverse-optics data manipulation device  512. However, the correction
can also be applied in-line to provide an "on-the- fly" correction for
effects that can vary from scan to scan, such as those  associated with
imperfections in the substrate topology or in the substrate table
transport. [001861 Figure 14 depicts an apparatus suitable for on-the-fly
focus correction via  a data-path, according to one embodiment of the
present invention. This  embodiment can also use coarse and fine control
discussed above. Focus data is  obtained by analyzing radiation from a
radiation source 1410, which is received,  after reflection from various
positions on the substrate 114/214/314 and/or  substrate table 106/206, by a
radiation detector 1408. This analysis can be carried  out by a focus
control device 1402. Alternatively, the position of the substrate 44  table
106/206 and substrate 114/214/314 can be determined at various points by
measuring the travel times of ultrasonic waves emitted by one or more
ultrasonic  transducers rigidly attached to the projection system 108/208
after reflections  from the substrate 114/214/314 and/or substrate table
106/206. [001871 Based on the focus data thus obtained, the focus control
device 1402  calculates a best focus position for a portion of the substrate
114/214/314 and  outputs a control signal along either or both of data
pathways 1412 and 1414 to  either or both of a projection system position
and/or tilt controller 1404 and a  



substrate table position and/or tilt controller 1406. The projection system
position and/or tilt controller 1404 and/or substrate table position and/or
tilt  controller 1406 are thus caused to perform translation and/or tilt
operations of the  projection system 108/208 and/or substrate table WT
106/206 in order to bring  the region at the substrate 114/214/314 to be
exposed into a position closer to the  best focus plane. According to this
embodiment, this is the so-called "coarse"  control. [001881 Fine control is
achieved via the data-path 5 10. The focus control device  1402, after
forwarding the control signal to the controllers 1404 and 1406, is
configured also to forward focus data to a data-path focus control device
1416,  which calculates the adjustments that need to be made to the matrix
[K] in order  to take account of changes in the point spread function
performance that should  be expected due to variations in the quality of the
focus. [001891 In one example, the combination of coarse and fine correction
can be  implemented in the following sequence: measure focus; carry out
coarse  correction; re-measure focus; carry out fine correction. In this
sequence, the  focus data sent to the coarse device will be different from
that sent to the fine  correction device each time (assuming some focus
error is always detected).  Alternatively, the coarse and fine correction
can be carried out simultaneously. In  this case, the data sent to the
data-path focus control device 1416 includes the  control signal sent to the
controllers 1404 and 1406. The correction to the matrix  [K] will then take
account of the expected movement(s) of the substrate table  106/206 and/or
projection system 108/208. The relationship between values of a 45  control
signal sent to one or both of controllers 1404 and 1406 and the resultant
changes in focus can be recorded in a calibration table. 1001901 In the
embodiment shown, the focus correction data is passed to the data- path via
the storage device 502 which provides the spot position and spot point
spread function information (which can be updated by the focus correction
data)  to the inverse optics data manipulation device 512. The correction
data can also  be incorporated at other in-line points in the data-path
without departing from the  



scope of the invention Correct Intensity Non-Uniformity In Data-Path [00191]
Each element in the array of individually controllable elements can be
activated to a state that depends on a control voltage. Where the elements
in  question consist of mirrors, the activation can take the form of a tilt
about an axis  in the plane of the mirror. The activation state would then
correspond to a  particular angle of tilt. The activation state can also be
referred to as a reflectivity  set-point, for example, where elements of
variable reflectivity (in a given  direction) are used in the array of
individually controllable elements. The  intensity of radiation in a
sub-beam of radiation that has been patterned by one or  more of these
elements depends on the activation state of the element(s)  concerned. The
conversion between an intensity and a control voltage can be  implemented as
a two-stage process. In a first stage, a multiplication operation is
performed to convert intensities to corresponding activation states (e.g.,
reflectivities). The second stage is then concerned with selecting
appropriate  control voltages in order to obtain these element activation
states from the array  104/204. The relationship between the control voltage
and the resulting element  activation state is not in general of a simple
linear form, and a calibration table  (e.g., look-up table) is normally
provided to enable this conversion to be carried  out. Interpolation can be
used to convert values lying between discrete points in  the calibration
table. Alternatively, a mathematical function (e.g., a Chebyshef
polynomial) can be fitted to all or a portion of the data in the calibration
table and  conversion can be carried out using the resulting fitting
function. 46  [00192] In one example, the overall conversion is carried out
via "inverse patterning-device" data manipulation device 514. This can
comprise a multiplier  516 (for performing stage 1 conversion - from spot
intensity to element activation  state or reflectivity set-point) and a
lookup table device 518 (for performing stage  2 conversion - from element
activation state or reflectivity set-point to element  control voltage), as
discussed in reference to Figure 5 above. [00193] In one example, intensity
non-uniformity can occur independently of the  



properties of the array of individually controllable elements due to a
variety of  optical effects within the apparatus. The result can be unwanted
intensity  variations between individual spot exposures, individual optical
columns,  individual laser systems, etc. In principle, these variations can
be taken into  account by incorporating extra calibration information into
the requested dose  data sent along the data-path. Although potentially
effective for removing the  intensity variations, this kind of approach can
result in an undesirable increase in  the data-path internal dynamic
intensity range to be able to cope. This can lead to  an increase in costs.
[00194] In one example, the inverse-patterning-device data manipulation
device  514 is adapted to at least partially correct for intensity
non-uniformity. For  example, calibration measurements can be used to
establish a new look-up table  for device 518 that takes into account not
only the properties of the patterned  device 104/204, but also factors
contributing to intensity non-uniformity. These  calibration measurements
can be carried out in a fully assembled machine (i.e.,  where all intensity
influencing factors are active). For example, the system can be  equipped
with one or more dose sensors, both to measure the source intensity and  the
spot intensity. The ratio of the two quantities is related to the intensity
non- uniformity. Furthermore, a spot sensor can be included at substrate
level that can  measure the spot alignment position(s). Alternatively or
additionally, substrate  base techniques can be used, which consist in
printing a pattern (or an individual  spot) and then deriving intensity
non-uniformity characteristics using offline  tooling. Once the
non-uniformity characteristics have been established standard  interpolation
schemes can be used to calculate the new look-up table values. 47  [00195]
As an alternative to adjusting the lookup table values in device 518,
intensity non-uniformity correction can be implemented by manipulating
properties of the multiplier 516. For example, the gain (or gains) can be
varied to  take account of non-uniformity effects. [00196] Correcting for
intensity non-uniformity at this late stage in the data-path  reduces the
requirement for increased bandwidth/dynamic range at earlier stages  



in the data-path. This example can also help to reduce rounding errors.
Avoid Performing Calculations For Values That Are Either Totally Black Or
White [00197] In one example, an image processing algorithm, such as those
performed  by the inverse-optics device 512, performs matrix
multiplications. The hardware  used to carry out these multiplications is
specifically tailored to the type of  calculation to be carried out, so it
optimized to achieve an optimal number of  MACs (Multiply Accumulates) per
second. The hardware in question (which can  be a DSP or a more general CPU)
comprises one or more FPGAs (Field  Programmable Gate Arrays) with a
multiplication section that can be built up  from multiplication units
specially constructed to carry out MAC operations.  Because the details of
the image to be processed is not known in advance. The  hardware is normally
designed to be able to cope with non-zero values at each of  the grid
positions defining the image. This requires a large number ofMACs, and
therefore expensive hardware. [00198] In lithographic applications, such as
the inverse-optics device 512, most of  the terms in the requested dose
pattern vector [D] will be 0 or 1 or, where grey  tone imaging is used, 0
and 15, corresponding to the absence or presence of a  feature. The MAC
operation for these can be relatively simple (e.g., no real  multiplication
is performed). In one example, the MAC either outputs a zero or a
multiplication coefficient, which can be shifted a number of places to the
left and  padded with zeros at the least significant side. Only the edge
regions of the  device elements in the image consist of grey values for
which a true  multiplication is performed. The black and white regions may
not use the full  functionality provided by the multiplication units. 48
[00199] In one example, a dedicated pre-processor is provided in the FPGA
before the multiplying stage, which is capable of identifying and handling
black and  white areas in the requested dose map. The multiplying section
uses a reduced  input consisting predominantly of the grey areas in the
requested dose map, which  may not use the full functionality of the
multiplication units. This arrangement  



allows the number of MACs per second (and therefore the cost) to be greatly
reduced without having a significant negative effect on the image processing
performance. [00200] Figure 15 depicts a multiplication stage with a
preprocessor 1500 for  reducing calculation load, according to one
embodiment of the present invention.  As mentioned above, the pre-processor
1500 can also be formed as an integral  part of the FPGA. Ghost Light
Suppression 1002011 In one example, ghost light can be produced, which is
unwanted or stray  light that manages to reach the substrate 114/214/314.
This can arise, for  example, via internal reflection within the system
optics and/or via cross-talk  between neighboring MLA spots. Optical
elements of the lithographic apparatus  are normally designed to avoid this
as much as possible, but it is extremely  difficult to remove entirely.
[00202] In one example, using a direct least squares fit of the requested
dose  pattern to the array of spot exposures, ghost light can be corrected
for by  incorporating terms into the point-spread-function matrix [K]' . In
the case  where neighboring spot exposures can be imaging coherently, it is
possible to  correct for the stray light to a very high level. Where
neighboring spot exposures  are exposed at different times, a lower level
correction can be achieved. This  method does not use additional non-zero
terms in the matrix [K]' , which leads to  additional multiplies and
accumulates in the data-path. This can result in a  somewhat higher cost,
but this can be offset on the one hand by potentially higher  quality images
or, on the other, by reduced costs in the optical system design  (since less
expense needs to be dedicated to avoiding ghost light suppression if it  can
be compensated. 49 Conclusion 1002031 While various embodiments of the
present invention have been described  above, it should be understood that
they have been presented by way of example  only, and not limitation. It
will be apparent to persons skilled in the relevant art  



that various changes in form and detail can be made therein without
departing  from the spirit and scope of the invention. Thus, the breadth and
scope of the  present invention should not be limited by any of the
above-described exemplary  embodiments, but should be defined only in
accordance with the following claims  and their equivalents. [002041 It is
to be appreciated that the Detailed Description section, and not the
Summary and Abstract sections, is intended to be used to interpret the
claims.  The Summary and Abstract sections can set forth one or more, but
not all  exemplary embodiments of the present invention as contemplated by
the  inventor(s), and thus, are not intended to limit the present invention
and the  appended claims in any way. 50 WHAT IS CLAIMED IS: 1. A lithography
apparatus, comprising: a projection system that projects a beam of radiation
onto a  substrate as an array of sub-beams of radiation; a patterning device
that modulates the sub-beams of radiation to  substantially produce a
requested dose pattern on the substrate, the dose pattern  being built up
from an array of spot exposures in which at least neighboring ones  of the
spot exposures are imaged incoherently with respect to each other and each
of the spot exposures is produced by one of the sub-beams of radiation at a
particular time; a low-pass filter that operates on pattern data derived
from the  requested dose pattern in order to form a frequency-clipped target
dose pattern  that predominantly comprises only spatial frequency components
below a selected  threshold frequency; and a data manipulation device that
produces a control signal  comprising spot exposure intensities to be
produced by the patterning device,  based on a direct algebraic
least-squares fit of the spot exposure intensities to the  frequency-clipped
target dose pattern. 2. The lithographic apparatus of claim 1, wherein the
threshold  



frequency is chosen so that a difference between a dose received at a point
on the  substrate and the requested dose at the point is independent of a
position of the  point relative to grid positions associated with the array
of spot exposures. 3. The lithographic apparatus of claim 1, wherein the
threshold  frequency is substantially equal to 7r/ p , wherein p is a spot
exposure pitch. 4. The lithographic apparatus of claim 3, wherein the array
of spot  exposures has a rectangular form. 5. The lithographic apparatus of
claim 1, wherein the threshold  frequency is substantially equal to 41r /
3p, wherein p is a spot exposure pitch. 51 6. The lithographic apparatus of
claim 5, wherein the array of spot  exposures has one of a hexagonal form or
a quasi-hexagonal form. 7. The lithographic apparatus of claim 1, wherein
the filter has an  amplitude-frequency response substantially equal to that
of the array of spot  exposures. 8. The lithographic apparatus of claim 1,
further comprising: formed.a sharpening filter that sharpens a target
product feature to be 9.The lithographic apparatus of claim 8, wherein the
sharpening filter is defined as a mathematical function with a spatial
Fourier transform, Fhw fi,." defined as follows: I1 / H(w)I when w <_ WM
F"a"mte`= Il/H(w=wM)j whenw>WM wherein fl(co) is a Fourier transform of the
target product feature,  co = (ks2 -+k,) , co,,, is a selected threshold
spatial frequency, and kx and k.,  are spatial frequency components
corresponding respectively to perpendicular  axes x and y lying in a plane
of the substrate. 10. The lithographic apparatus of claim 9, wherein wM = it
/ p and p  is a pitch of the array of spot exposures. 52  11. The
lithographic apparatus of claim 8, wherein an application of 



the sharpening filter is defined as the following multiplication in the
Fourier domain: Dsharp filtered - harp filter ' Flow-pass filter ' Dwfihered
r wherein Dmrfihered is a Fourier domain representation of the pattern data
derived from the requested dose pattern, Fow_p,55 filter is a Fourier domain
representation of the low-pass filter, F,,,,r filter is a Fourier domain
representation  of the sharpening filter, and D,,,,P filtered is a Fourier
domain representation of the  pattern data derived from the requested dose
pattern after filtering by the  sharpening filter and the low-pass filter.
12. The lithographic apparatus of claim 1, further comprising: an image log
slope filter that controls an image log slope of the  pattern to be formed
on the substrate. 13. The lithographic apparatus of claim 12, wherein the
image log  slope filter is defined as the following mathematical function in
the spatial  domain: 1 Fslope = g' Ra,oPez when xz + yz <_mpe 0 when V x
dope where x and y are position coordinates defined relative to axes lying
in a plane of the substrate, and  R,,oP, is a variable control parameter
useable to control the image log slope. 14. The lithographic apparatus of
claim 12, wherein an application of  the image log slope filter is defined
as the following multiplication in the Fourier  domain: Dslope filtered =
Fslope filter ' Flow-pass filter ' Rmfiltered wherein Dunfiltered is a
Fourier domain representation of the pattern data  derived from the
requested dose pattern, Few_pass filter is a Fourier domain 53
representation of the low-pass filter,',, filter is a Fourier domain
representation  



of the image log slope filter, and DsiWe filtered is a Fourier domain
representation of  the pattern data derived from the requested dose pattern
after filtering by the log  slope filter and the low-pass filter. 15. The
lithographic apparatus of claim 1, further comprising: a combined filter
that operates on the pattern data derived from the  requested dose pattern
in order to control an image log slope of the pattern to be  formed on the
substrate and sharpen a target product feature in the pattern data  derived
from the requested dose pattern. 16. The lithographic apparatus of claim 15,
wherein the application of  the combined filter is defined as the following
multiplication in the Fourier  domain: Dcombined filtered = Fcombined filter
' Dunfiltered = (Fslope filter . Fsharp filter ' Flow-pass filter
Dunfiltered wherein Dunfiltered is a Fourier domain representation of the
pattern data derived from the requested dose pattern, Pow_P.s filter is a
Fourier domain representation of the low-pass filter, Fh p filter is a
Fourier domain representation  of a sharpening filter, 'lope filter is a
Fourier domain representation of a image log  slope filter, Fnmbinedfilter
is a Fourier domain representation of a combined filter comprising the
operations of 'lope filter r Fsharp filter and Pow-pass filter r and
Deombined filtered is a Fourier domain representation of the pattern data
derived  from the requested dose pattern after filtering by the image log
slope filter, the  sharpening filter and the low-pass filter. 54  17. A
lithography apparatus, comprising: a projection system that projects a beam
of radiation onto a  substrate as an array of sub-beams of radiation; a
patterning device that modulates the sub-beams of radiation to
substantially produce a requested dose pattern on the substrate, the dose
pattern  being built up from an array of spot exposures in which at least
neighboring ones  of the spot exposures are imaged incoherently with respect
to each other and each  of the spot exposures is produced by one of the
sub-beams of radiation at a  particular time; 



a data manipulation device that produces a control signal  comprising spot
exposure intensities to be produced by the patterning device,  based on a
direct algebraic least-squares fit of spot exposure intensities to data
derived from the requested dose pattern, wherein the least-squares fit is
performed by multiplying a pseudo-inverted form of a point-spread function
matrix by a column vector representing the pattern data derived from the
requested dose pattern, the point-spread function matrix comprising
information  about a shape and relative position of the point-spread
function of each spot to be  exposed on the substrate by one of the
sub-beams of radiation at a given time; and a low-pass filter that removes
spatial frequency components of a  signal above a selected threshold
frequency, incorporated offline into the pseudo- inverted form of the
point-spread-function matrix, ready for the least-squares fit,  by the
following operation: [K]+fiIrered = Flow-Pass ei~ (r) [K]' wherein [K]' and
[K]' filth d represent the pseudo-inverted form of the  point-spread
function matrix respectively before and after filtering, wherein Fow.P.s
filter represents a mathematical definition of the low-pass  filter in a
spatial domain. 55  18. The lithographic apparatus of claim 17, further
comprising: a sharpening filter that sharpens a target product feature to be
formed, defined in a spatial domain by mathematical function F~hp fifwr I
wherein  the sharpening filter and the low-pass filter are incorporated
offline into the  pseudo-inverted form of the point-spread function matrix
[K]' to form a filtered  point-spread function matrix [K]'fjjt,~d via the
following operation: [K]+ fi,tered ~ Fcombined fil~ @ IKI+ ~ (Flow-pns MWr 0
Fsharp fil= ) 0 [K]+ wherein F.bimd rj~ represents a mathematical definition
of the combined  action of the low-pass filter and the sharpening filter in
the spatial domain. 19. The lithographic apparatus of claim 17, further
comprising: an image log slope filter that controls an image log slope of
the  pattern to be formed on the substrate, defined in the spatial domain by



mathematical function F,,., wherein the image log slope filter and the low
pass filter are incorporated offline into the point-spread firriction matrix
[K]+ to  form a filtered point-spread function matrix [K]+ fil~,d via the
following operation: IKI'fil.d = F.bi.dfil~ @ IKI+ = (Fl.~-p., filt~
@F~Iopefilw)& [K]+ wherein F~bined fi]Wr represents a mathematical
definition of the combined  action of the low-pass filter and the sharpening
filter in the spatial domain. 20. The lithographic apparatus of claim 17,
further comprising: a sharpening filter that sharpens a target product
feature to be  formed, defined in a spatial domain by mathematical function
F.h. fil., an image  log slope filter, adapted to control an image log slope
of the pattern to be formed  on the substrate, defined in the spatial domain
by mathematical function FIpe fitw,  wherein the sharpening filter, the
image log slope filter, and the low-pass filter are  incorporated offline
into the point-spread function matrix [K]' to form a filtered  point-spread
function matrix [K]'fil,..d via the following operation: [KI'MWMd =
F~.bimdfflw @ IKI~ = (Flow-passfil~ 'D Fsharpfilwr (D F~1.1.fij,,)@ [K]+ 56
wherein and represents a mathematical definition of the combined action of
the low-pass filter, the sharpening filter, and the image log  slope filter
in the spatial domain. 21. A lithography apparatus, comprising: a projection
system that projects a beam of radiation onto a  substrate as an array of
sub-beams of radiation; an array of individually controllable elements that
modulates the  sub-beams of radiation so as substantially to form a
requested dose pattern on the  substrate, the requested dose pattern being
built up over time from an array of  spot exposures, each of the spot
exposures being produced by one of the sub- beams of radiation at a given
time; a rasterizer device that converts data defining the requested dose
pattern to a sequence of data representing the requested dose at a
corresponding  sequence of points within the pattern; a data manipulation
device that receives the sequence of data and  



generates a control signal therefrom, the control signal being used to
control the  array of individually controllable elements; and a focus
determination unit that measures a position of at least a  portion of the
substrate relative to a plane of best focus, wherein the data  manipulation
device comprises a focus compensation unit that changes the  control signal
based on measured deviations of the at least a portion of the  substrate
relative to the plane of best focus. 22. The lithographic apparatus of claim
21, wherein the focus  determination unit comprises: at least one ultrasonic
transducer and receiver, rigidly connected to  the projection system, that
measure the position of the substrate surface relative to  the projection
system, at one or more points, by measuring travel time of reflected
ultrasonic waves. 57  23. A lithography apparatus, comprising: a patterning
device that modulates a beam of radiation; a projection system that projects
the modulated beam of radiation  onto a substrate; and a CD-biasing filter
that operates on pattern data derived from a  requested dose pattern that is
to be transmitted to the patterning device, which  controls critical
dimension characteristics of a radiation dose pattern produced by  the
patterning device. 24. The lithographic apparatus of claim 23, wherein the
CD-biasing  filter adjusts magnification of at least a portion of the dose
pattern without  adjusting position of the portion relative to other
portions of the dose pattern. 25. The lithographic apparatus of claim 23,
wherein the CD-biasing  filter adjusts the critical dimension of multiple
regions of the dose pattern  independently. 26. The lithographic apparatus
of claim 23, wherein the CD-biasing  filter adjusts a critical dimension
parallel to a first axis in a plane of the dose  pattern independently of
the critical dimension parallel to a second non-parallel  



axis in the plane of the dose pattern. 27. A lithography apparatus,
comprising: an illumination system that conditions a beam of radiation; a
projection system that projects the beam of radiation onto the  substrate as
an array of sub-beams of radiation; a patterning device that modulates the
sub-beams of radiation to  substantially produce a requested dose pattern on
the substrate, the dose pattern  being built up from an array of spot
exposures, each of the spot exposure being  produced by one of the sub-beams
of radiation at a particular time, wherein the  radiation intensity of a
given sub-beam of radiation is controlled according to an  activation state
of a corresponding portion of the patterning device; and 58  a data
manipulation device that transforms a signal comprising spot exposure
radiation doses derived from the requested dose pattern to a control  signal
representing activation states of the patterning device to produce the
requested dose pattern, wherein the transformation corrects for intensity
variations caused by at least one of components of the projection system,
components of the illumination system, radiation sources for the
illumination  system, and components of the patterning device. 28. The
lithographic apparatus of claim 27, wherein the data  manipulation device
comprises: a memory device storing a lookup table, the data manipulation
device accessing the lookup table to convert from an activation state for a
particular portion of the patterning device to a corresponding control
voltage to  produce the activation state for that portion, wherein the
transformation is  performed by changing at least a subset of the values in
the lookup table. 29. The lithographic apparatus of claim 27, wherein the
data  manipulation device comprises: a multiplier that converts a spot
exposure radiation dose to be  produced by a particular portion of the
patterning device to an activation state for  that portion, wherein the
transformation is performed by changing gain  



characteristic of the multiplier. 30. A device manufacturing method,
comprising: projecting a beam of radiation onto a substrate as an array of
sub- beams of radiation; modulating the sub-beams of radiation to
substantially produce a  requested dose pattern on the substrate, the dose
pattern being built up from an  array of spot exposures in which at least
neighboring one of the spot exposures  are imaged incoherently with respect
to each other and each of the spot exposures  is produced by one of the
sub-beams of radiation at a particular time; 59  filtering pattern data
derived from the requested dose pattern in order to form a frequency-clipped
target dose pattern that comprises only spatial  frequency components below
a selected threshold frequency; and producing a control signal comprising
spot exposure intensities to  be produced by the modulating, based on a
direct algebraic least-squares fit of the  spot exposure intensities to the
frequency-clipped target dose pattern. 31. A device manufacturing method,
comprising: projecting a beam of radiation onto a substrate as an array of
sub- beams of radiation; modulating the sub-beams of radiation to
substantially produce a  requested dose pattern on the substrate, the dose
pattern being built up from an  array of spot exposures in which at least
neighboring ones of the spot exposures  are imaged incoherently with respect
to each other and each of the spot exposures  is produced by one of the
sub-beams of radiation at a particular time; producing a control signal
comprising spot exposure intensities to  be produced by the modulating,
based on a direct algebraic least-squares fit of the  spot exposure
intensities to data derived from the requested dose pattern, wherein  the
least-squares fit is performed by multiplying a pseudo-inverted form of a
point-spread function matrix by a column vector representing the pattern
data  derived from the requested dose pattern, the point-spread function
matrix  comprising information about the shape and relative position of the
point-spread  



function of each spot to be exposed on the substrate by one of the sub-beams
of  radiation at a given time; and filtering to remove spatial frequency
components of a signal above a  selected threshold frequency, incorporated
offline into the pseudo-inverted form  of the point-spread-function matrix,
ready for the least-squares fit, by the  following operation: [K]+ filtered
= Flow-pHs filler (9 [KI+ wherein [K]+ and [K]+mrcred represent the
pseudo-inverted form of the  point-spread function matrix respectively
before and after filtering, and where 60  Fl.-Pm, fi,.represents a
mathematical definition of the filtering in the spatial  domain. 32. A
device manufacturing method, comprising: projecting a beam of radiation onto
a substrate as an array of sub- beams of radiation; modulating the sub-beams
of radiation to substantially to form a  requested dose pattern on the
substrate, the requested dose pattern being built up  over time from an
array of spot exposures, each of the spot exposures being  produced by one
of the sub-beams of radiation at a given time; converting data defining the
requested dose pattern to a sequence  of data representing the requested
dose at a corresponding sequence of points  within the pattern; generating a
control signal from the sequence of data that is used  to control the
modulating; measuring the position of at least a portion of the substrate
relative  to a plane of best focus; and modifying the control signal based
on measured deviations of the  at least a portion of the substrate relative
to the plane of best focus. 33. A device manufacturing method, comprising:
modulating a beam of radiation; projecting the modulated beam of radiation
onto a substrate; and  



CD-biasing filtering the pattern data derived from a requested dose
pattern, which is used to perform the modulating, in order to control
critical  dimension characteristics of a radiation dose pattern produced by
the modulating. 61  34. A device manufacturing method, comprising:
conditioning a beam of radiation; projecting the beam of radiation onto the
substrate as an array of  sub-beams of radiation; modulating the sub-beams
of radiation to substantially produce a  requested dose pattern on the
substrate, the dose pattern being built up from an  array of spot exposures,
each of the spot exposures being produced by one of the  sub-beams of
radiation at a particular time; controlling radiation intensity of a given
one of the sub-beams of  radiation according to an activation state of a
corresponding portion of a  patterning device that performs the modulating;
transforming a signal comprising spot exposure radiation doses  derived from
the requested dose pattern to a control signal representing activation
states of the patterning device to substantially produce the requested dose
pattern;  and modifying the transforming step to correct for intensity
variations  caused by at least one of components of the projection system,
components of the  illumination system, radiation sources for the
illumination system, and  components of the patterning device. 35. A flat
panel display manufactured according to the method of  claim 30. 36. A flat
panel display manufactured according to the method of  claim 3 1. 37. A flat
panel display manufactured according to the method of  claim 32. 38. A flat
panel display manufactured according to the method of  claim 33. 



62 39. A flat panel display manufactured according to the method of  claim
34. 40. An integrated circuit device manufactured according to the method
of claim 33. 




